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ABSTRACT 
SUPRAMOLECULAR BIOPOLYMERIC COMPOSITE MATERIALS: GREEN 
SYNTHESIS, CHARACTERIZATION AND APPLICATIONS 
 
 
Tamutsiwa M. Mututuvari, B.Sc. (Honors, Chemistry) 
 
Marquette University, 2014 
 
 
Macrocycles, such as crown ethers (CRs) and resorcinarenes (RESs), exhibit 
selective complexation of heavy metal ions and organic pollutants respectively. 
Consequently, they have been investigated for their suitability in adsorbing these aqueous 
pollutants. However, they are difficult to handle and recycle for reuse because, by 
themselves, they can only be fabricated in powder form. To alleviate this challenge, we 
developed a method to encapsulate these macrocycles into film-forming 
polysaccharides—cellulose (CEL) and chitosan (CS). This was achieved by using a green 
and recyclable solvent, an ionic liquid, to dissolve both macrocycles and polysaccharides 
and regenerate corresponding composites in water. Resultant composites were 
characterized by FTIR, UV-Visible, X-ray powder diffraction and scanning electron 
microscopy. These polysaccharides are attractive because they are naturally abundant, 
biodegradable and biocompatible. The composites retained desirable properties of their 
individual constituents, namely superior mechanical strength (from CEL), excellent 
adsorption capability for cadmium and zinc ions (from CRs and CS) and organic solutes 
(from RESs and CS). Specifically, increasing the concentration of CEL from 50% to 90% 
in [CEL+CR] resulted in almost 2X increase in tensile strength. Adding 40% benzo 15-
crown-5 ether (B15C5) to CS led to a 4X enhancement in the amount of cadmium ions 
adsorbed by [CS+B15C5].  Interestingly, RES-based composites exhibited selectivity 
amongst dinitrobenzene (DNB) isomers. For example, one g of [CEL+RES] adsorbed 
more 1,2-DNB (5.37±0.05 mol L-1) than 1,3-DNB (4.52±0.03 mol L-1) and 1,4-DNB 
(2.74±0.04 mol L-1). These results help to extend the potential applications of 
supramolecular composites in water remediation. 
 
We also successfully synthesized hydroxyapatite (HAp) in situ by alternately 
soaking [CEL+CS] composite films in calcium and phosphate salt solutions. These 
composites will be expected to be osteoconductive (due to HAp), thereby necessitating 
their use in bone tissue engineering. In another related study, we developed a simple, one 
step process to encapsulate an antibiotic, ciprofloxacin (CPX) in composites containing 
various proportional concentrations of CEL, CS, and keratin (KER).  KER was found to 
slow down the release of CPX from the composites. These results clearly indicate that the 
release of CPX can be controlled by judicious adjustment of the concentrations of KER in 
the composites. 
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CHAPTER 1 
INTRODUCTION 
1.1. Background 
The interest in syntheses and applications of bio-based composites has grown 
tremendously over the years and this trend is expected to continue into the foreseeable 
future. This interest is mainly driven by the need for a sustainable alternative to the 
depleting petroleum reserves.1-4 The depletion of petroleum reserves is caused by their 
increasing use as chemical feed stocks in industries without adequate replacement in a 
timely manner. For example, it takes 106 years to synthesize petroleum from biomass yet 
when consumed as plastics or fuel, it takes 1-10 years to convert it to CO2.
5 Aside from 
the depletion problem, petroleum-based materials are usually non-biodegradable and 
therefore cause potential harm to the environment after their disposal. In addition, 
petroleum-based materials cause CO2 emissions which, in turn cause undesirable 
greenhouse effects. Therefore, with increasing environmental awareness and demands of 
legislative authorities worldwide, green composites derived from plants and animals are 
being pursued in many different scientific fields. 
Biopolymers, such as cellulose (CEL), chitosan (CS), keratin (KER) and other 
related biopolymers offer the best alternative to address the challenges posed by 
continued use of petroleum products. These natural biopolymers are replaced at the rate 
that is more than the rate of consumption. Therefore, using such materials whereby the 
rate of CO2 sequestered is balanced with the rate of consumption contributes significantly 
to developing carbon neutral materials. Another advantage of using natural biopolymers 
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is that they are inherently biodegradable. This is a desirable property since it prevents the 
accumulation of solid waste. In addition to the above advantages, natural biopolymers are 
derived from cheaper sources. Therefore, their use is bound to be economically 
sustainable. In addition, natural biopolymers are generally non-toxic. This enables them 
to be used safely in biomedical applications without concern for health hazards and 
environmental damage throughout their lifecycle. Also, natural biopolymers are both 
biocompatible and bioactive that is they exist in harmony within a biological system 
(biocompatible) and elicit a beneficial response from the biological system (bioactive). 
As a result of them being biodegradable, natural biopolymers can be applied to make 
short life-span products such as packaging, toys and sporting equipment.6  
 Although these biopolymers appear to be the ideal alternative to the petroleum-
based polymers, their use is accompanied by some processing challenges. These 
challenges arise from the nature of their structures. Their structures are stabilized by 
extensive intra- and inter-molecular hydrogen bonds (H-bonds) and van der Waals 
(VDW) forces formed between the bio-polymeric chains.7,8 For example, these H-bonds 
enable CEL to adopt a crystalline structure which imparts tough texture to CEL. In KER, 
in addition to the H-bonds, there is an extensive network of intra- and inter-molecular 
disulfide bridges which impart the tough, fibrous structure to the keratinous materials 
such as hair and wool.9,10 Now, before these biopolymers can be used in most 
applications, they have to be processed into usable form such as films and fibers, among 
many other forms. This processing involves dissolving the material and then regenerating 
it into the desired shape or structure. However, these biopolymers are recalcitrant to most 
conventional solvents due to the presence of this extensive network of H-bonds, VDW 
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forces (in CEL and CS) and disulfide bridges (in KER). As a result, a wide variety of 
solvent systems have been developed to dissolve and process these biopolymers. Whilst 
these solvents enabled the adoption of biopolymers in many applications, they had 
serious limitations. The solvent systems developed for dissolving these biopolymers may 
cause degradation of the biopolymers and also may generate undesirable by-products.8 In 
addition, they generate harmful vapors. Therefore, as these solvent systems are not 
economically and environmentally sustainable, it is necessary to design environmentally 
friendly solvents to tap in the potential benefits of using these biopolymers.  
These concerns prompted us to initiate this study. In this study, we used ionic 
liquids as better alternative solvents to dissolve and reconstitute biopolymers (CEL, CS, 
and KER) into their usable film form. The ionic liquid used was 1-butyl-3-
methylimidazolium chloride, BMIm+Cl-. Ionic liquids are generating a lot of attention 
because they exhibit the following attractive properties; 1) they exhibit negligible vapor 
pressure which eliminates vapor emissions into the environment; 2) they can be 
recovered and reused thereby ensuring economic sustainability and 3) they are thermally 
stable thereby allowing the dissolution of biopolymers at moderate temperatures without 
concerns about their decomposition. In addition, BMIm+Cl- is miscible with water 
thereby allowing its removal from gel films by just immersing the films in water; 
BMIm+Cl- leaches into the water leaving an ionic liquid-free gel film. The ionic liquid is 
then recovered by distilling the aqueous washings. 
Each biopolymer alone does not always satisfy the complex demands of industrial 
and biomedical applications. As a way to go around this problem, we blended these 
biopolymers in different proportions using BMIm+Cl- as the common solvent. The 
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resultant composites were expected to possess desirable properties derived from their 
individual components. For example, composites of CEL and CS ([CEL+CS]) were 
expected to possess superior mechanical properties (from CEL) and good adsorption 
capability for organic pollutants (from CS). Even after this blending, these composites 
may still not possess all the properties required for certain applications. For example, 
these biopolymers cannot show selectivity towards the adsorption of either organic or 
inorganic pollutants. In our case, we used crown ethers (CRs) and resorcinarene (RES) to 
impart selectivity, to these biopolymers, towards their adsorption of heavy metal ions and 
organic pollutants respectively.  
1.2. General Overview of Materials used in the Study 
1.2.1. Cellulose 
Cellulose (CEL), a naturally occurring polysaccharide, constitute the main 
structural component of cell walls of plants, algae, fungi and bacteria. Being a natural 
biopolymer, CEL presents numerous interesting properties such as being renewable, 
biodegradable, biocompatible and environmentally friendly. These unique properties 
have earned CEL the U.S. Generally Recognized as Safe (GRAS) status.11 Most 
importantly, CEL is the most abundant natural biopolymer on Earth with an estimated 
1011 tons of CEL being produced annually by plants through photosynthesis.12 Plant CEL 
is found naturally embedded in polymer matrices that are composed of hemicelluloses, 
pectins and lignins. For example, CEL of naturally opened bolls of cotton constitute 85-
97% of the dry weight of the cotton fibers with the remainder being hemicellulose, lignin 
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and pectin.13 This CEL is often isolated from these non-cellulosic polymers through acid 
hydrolysis.  
The structure of CEL is entirely composed of linear chains, of variable length, of 
D-glucose residues linked through β-(1-4)-glycosidic bonds (Figure 1-1). The presence of 
hydroxyl groups allow the formation of a wide network of intra- and inter-molecular 
hydrogen bonding (H-bonding) within and between its polymer chains. Intramolecular H-
bonding between adjacent anhydroglucose residues maintains the linear integrity of the 
polymer chains. In addition, intra- and intermolecular H-bonding together with Van der 
Waals (VDW) forces enables CEL to adopt a fibrillar structure which imparts superior 
mechanical strength to CEL. This superior mechanical strength has enabled CEL to be 
used as a structural engineering material in a wide range of applications including paper, 
wood, textiles, cosmetics, biofuels and composite material strengthening among other 
applications. In addition, CEL has been used to fabricate paper-based application devices 
including field effect transistors, biosensors and chemical sensors.14  
 
Figure 1-1 Structure of cellulose (CEL). 
Interestingly, CEL chains aggregate into portions of various degrees of lateral 
order ranging from crystalline to amorphous regions. The distribution of these regions 
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control the chemical reactivity of CEL. For instance, those hydroxyl groups residing in 
the amorphous regions are relatively more accessible to chemical reactants than those 
hydroxyl groups residing in crystalline regions. This topochemical property has a bearing 
on making it essentially impossible to dissolve CEL in the common organic solvents. 
This has limited the potential of CEL to be used in a wide range of applications in the 
scientific field. 
Successful attempts to dissolve CEL date back to the year 1846 when Christian 
Friedrich Schoenbein discovered, by coincidence, that a mixture of HNO3/H2SO4 could 
dissolve CEL by converting it to cellulose nitrate.15 Since then, a variety of derivatizing 
and non-derivatizing solvents have been developed. Derivatizing solvent systems achieve 
dissolution by funtionalizing CEL into soluble derivatives. For examples CEL was 
converted to xanthate,16 carbamate,17 trifluoroacetate18 and methylol19 derivatives using 
mixtures of CS2/NaOH, urea/NaOH, trifluoroacetic acid, and DMSO/paraformaldehyde 
respectively. The resultant derivatives could easily dissolve in common organic solvents. 
However, these derivatizing solvents suffer from a variety of drawbacks. For examples; 
the HNO3/H2SO4 systems are too reactive for subsequent functionalization; carbon 
disulfide is flammable and toxic therefore it requires large investments in safety 
equipment;20 sodium hydroxide is corrosive and trifluoroacetic acid is both expensive and 
corrosive. During dissolution in DMSO/paraformaldehyde, undesired side reactions, such 
as the growth of oligo (oxymethylene) chains and crosslinking may occur.15  
Non-derivatizing solvents have merged as the most promising candidates for the 
dissolution of CEL. These solvents achieve dissolution through their physical interactions 
with hydroxyl groups on CEL thereby disrupting H-bonding with this polysaccharide 
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framework. Examples of such solvents include N-methylmorpholine-N-oxide (NMMO),21 
N, N-dimethylacetamide (DMAc)/LiCl,22 and DMSO/tert (butyl) ammonium fluoride 
(TBAF).23 These solvent systems can achieve dissolution of CEL with negligible 
depolymerization. However, these solvent systems are limited by a myriad of challenges. 
Specifically, NMMO is unstable, which may cause a safety risk due to its spontaneous 
decomposition.24 In addition, side reactions may cause consumption of this expensive 
solvent leading to economic losses.  N, N-dimethylacetamide (DMAc)/LiCl system 
suffers from incomplete recycling of this expensive solvent system.15 As a result of these 
challenges, the search for better alternatives remains an ongoing area of research. 
Recently, a new and promising class of solvents, ionic liquids, has emerged. Ionic liquids 
(ILs) possess unusual physical and chemical properties which enable them to be used in a 
variety of applications including the dissolution of polysaccharides such as CEL.25 Ionic 
liquids have negligible vapor pressure which help to cut down on harmful emissions.25,26 
In addition, they are both thermally stable27 and non-flammable.28 A detailed treatise on 
the subject of ionic liquids has been reserved for section 1.4. 
1.2.2. Chitosan 
Chitosan (CS) is a semi-synthetic biopolymer obtained by alkaline deacetylation 
of chitin, the second most abundant natural biopolymer after CEL.29 Chitin is found 
widely distributed as a structural material in anthropods (crabs, lobsters, shrimps, 
crayfish, king crabs and insects) as well as mollusks (e.g., squids). Although chitin was 
the first polysaccharide to be identified by humans, 30 years preceding CEL, it has 
remained unused until just recently when interest in its use has increased.30 To realize its 
potential, chitin is often converted to CS through alkaline deacetylation. Alongside CEL, 
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CS exhibits unique properties such as renewable, biodegradable, biocompatible and 
environmentally friendly.
 
Figure 1-2 Deacetylation of chitin to form chitosan (CS). 
Chitosan is composed of D-glucosamine and N-acetyl-D-glucosamine units linked 
through β-(1-4)-glycosidic bonds where the ratio of D-glucosamine to N-acetyl-D-
glucosamine residues exceed 60% within the bio-polymeric chain (Figure 1-2).30 The 
presence of the amine group at C-2 of the D-glucosamine residues imparts some 
interesting properties to CS. Notably, whereas all other naturally occurring 
polysaccharides are acidic, CS (and chitin) is basic and therefore it can be protonated 
easily in acidic solutions. This property has enabled CS to be used as an antibacterial 
agent in a variety of pharmaceutical formulations.31 In its cationic state, CS is believed to 
interact with anionic groups on the bacterial cell surface resulting in membrane 
permeability which facilitates leakage of essential cellular proteins.32 Alternatively, these 
amine groups can form chelates with essential nutrients resulting in the inhibition of 
important enzymes. Aside from its use as an antimicrobial agent, CS can be used to 
promote wound healing; stimulates favorable immune response; stop bleeding 
(hemostasis); and to manage exudate thereby keeping the wound surface relatively 
moist.33,34  
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Unarguably, the most important feature of CS and all natural biopolymers is that 
they can be processed into different usable forms such as films, sponges, gels, scaffolds, 
micro- and nano-particles and nanofibers for use in a variety of biomedical and 
environmental applications.35 This enables CS to be used in a wide variety of applications 
in both biomedical and environmental applications. In addition to its use as an 
antimicrobial agent, CS can serve as a scaffold in tissue engineering such as bone tissue 
engineering, cartilage tissue engineering, liver tissue engineering, and nerve tissue 
engineering. In bone tissue engineering, CS is preferred because it promotes cell growth 
and mineral rich matrix deposition by osteoblasts cells in culture. Essentially, studies 
have focused on chitosan-calcium phosphate composites as scaffolds for bone tissue 
engineering.36 In cartilage and liver tissue engineering, CS is often chosen due to its 
structural similarity with various glycosaminoglycans found in articular cartilage.37 In 
addition to being biocompatible and biodegradable, CS can support the growth of 
neurons cultured on its surface thereby enhancing its potential to promote repair of 
peripheral nervous system.38  
Apart from its use in the biomedical applications, CS has also been used in the 
adsorption of pollutants, both organic and inorganic pollutants, from water or wastewater. 
Essentially, CS use in adsorption dates back to the 1980s when it was used to adsorb a 
variety of toxic heavy metal ions including Cu, Zn, Cd, Cr, and Pb.39 Such reports laid 
the foundation for the interesting field of adsorption using natural biopolymers. During 
the years that followed, CS-based composites have been widely applied to the adsorption 
and separation of heavy metal ions, dyes and other organic pollutants.40-42  
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An emerging application of CS is in the synthesis of gold and silver nanoparticles. 
In most of the documented studies, CS has been used as both a reducing- and a stabilizing 
agent. The presence of chemically active ammino- and hydroxyl groups enable CS to 
reduce Ag (1) and Au (III) to their corresponding zero valent states. The resultant CS-
Ag/Au nanoparticle composites display interesting properties which can be exploited in a 
variety of novel applications. In one study, CS films with silver nanoparticles showed 
both fast and long lasting antibacterial effectiveness against Eschericia coli.43 In all these 
composites, CS, in its polycationic state is believed to interact with the negatively 
charged surface of the metal nanoparticles through electrostatic interactions.44  
In spite of all these potential applications of CS, there are still challenges 
encountered in its processing and use. The main processing solvent used to fabricate CS 
is chiefly acetic acid. However, prior to its use, this acid has to be neutralized in an alkali 
solution. Other solvents that have been investigated include trifluoroacetic acid, etc. 
These solvent systems are corrosive and therefore unattractive. An additional challenge 
encountered in using CS-based composites is that CS exhibits poor selectivity in 
adsorption of heavy metal ions. In addition, CS suffers from poor mechanical and 
rheological properties. These and other associated challenges require urgent attention. For 
example, the mechanical properties of CS may be improved through reinforcements using 
other structural strong materials such as CEL, KER and calcium phosphate. Selectivity 
may be improved by incorporating a selective agent such organic macrocycles. These 
have to be incorporated in such a way that the unique properties of CS, for example 
adsorption capacity, antibacterial, hemostatic and excellent wound healing, remain intact. 
Recent progress in developing solvent systems seem to suggest the use of a potentially 
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green solvent, ionic liquid. The properties and justification of using this novel solvent 
will be described in section 1.4.  
1.2.3. Keratin  
Keratins (KERs) are the most abundant structural proteins and form a protective 
layer of all epidermal tissues.45 They are tough, fibrous proteins found in hair, wool, 
horns and nails of most vertebrates. KER can exist in one of two conformations; the α- 
and the β-conformations. In the α-conformation, two chains coil around each other 
through H-bonding and disulfide linkages to form helices which assemble to form 
protofilaments prior to the formation of intermediate filaments (IFs). In the β-
conformation, the polypeptide chains can bind side-by-side through H-bonding and 
disulfide linkages to form pleated sheets (the β-pleated sheets).46 The distribution of these 
and other polypeptide conformations vary significantly in different materials. For 
example, α-helix conformation is more prominent in hair, nails, hooves, quills, etc 
whereas the β-sheet conformation is more prominent in tougher structures such as claws, 
scales, feathers, beaks, etc. Most importantly, the distribution of these conformations has 
a significant influence on the mechanical properties of the keratinous material. Owing to 
the versatility in its structure, KER can have superior tensile (hair and wool) and superior 
compressional (hooves) strengths.46  
The use of KER for therapeutic applications dates back to the 16th century. 
However, their widespread use was limited by the unavailability of suitable solvents that 
could be used to extract the KER from tissues. Thus, in early 20th century and the years 
that followed, KER research was focused mainly on designing solvent systems for 
extracting the KER. These solvent systems were based on both oxidative and reductive 
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chemistries.47 One notable solvent system was based on the Shindai solvent system.48 
This solvent system was composed of urea, 2-mercaptoethanol, and sodium dodecyl 
sulfate all mixed together in an aqueous solution.  These advances in KER extraction, 
purification and characterization led to the potential growth in KER-based material 
development. For example, the extracted KER could be fabricated into a variety of 
functional forms including powders, films, gels, coatings, and fibers.47 These KER-based 
materials could be used in a wide range of potential applications in biomedical, 
biopharmaceutical and environmental applications. One of the main driving forces was 
that KER-based materials possess excellent biocompatibility in addition to being a 
renewable resource. As a result, the KER could be self-assembled into complex three-
dimensional structures and then subsequently used to develop scaffolds in tissue 
engineering.  Apart from these biomedical applications, KER can also be used to adsorb 
heavy metal ions from water.47  
Although KER holds so much promise, its mechanical properties deteriorate 
considerably after processing. For example, pure KER films regenerated from wool were 
too fragile for any practical use.49 However, it has been reported that adding glycerol 
resulted in a transparent, relatively strong, flexible and biodegradable film.49 Such 
developments have charted a whole new platform for the expansion of the applications of 
KER. As a result, a lot of KER-based materials are now designed with some 
reinforcement from materials such as CS,50 CEL,51 and silk,52 among other reinforcement 
materials. Interestingly, synergistic interactions between silk and KER resulted in 
composite films exhibiting superior mechanical properties.  
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Another active area for KER research is in designing more benign solvents in 
light of green chemistry. Among many solvent systems already developed, ionic liquids 
seem to hold the best option for reasons which would be discussed in the following 
sections. 
1.3. Supramolecular Chemistry 
The history of supramolecular chemistry can be traced back to late 19th century 
when Emil Fischer proposed the lock and key model.53 In this model, an enzyme (lock) 
would selectively bind to a substrate (key) possessing a structure that is complementary 
to the active site of the enzyme. This lock and key concept laid the foundation for what is 
now called supramolecular chemistry.54 Since its inception, the value of this field of 
supramolecular chemistry has grown exponentially. One of the major contributions of 
supramolecular chemistry has been the design and synthesis of macrocycles that can 
selectively bind to particular guests of complementary structure. Some of the selective 
macrocycles that have been synthesized include crown ethers (CRs), resorcinarenes 
(RES), calixarenes, podands, cryptands and spherands.  In the studies presented here, 
only CRs and RES were investigated for their applicability in selective adsorption of 
heavy metal ions and organic pollutants respectively.  
1.3.1. Crown Ethers 
Crown ethers represent a group of macrocyclic compounds consisting of repeating 
–O-CH2-CH2- units (Figure 1-3). Their remarkable selectivity to coordinate with alkali 
and alkali earth metal ions was initially demonstrated by Pedersen in 1967.55 Since then, 
this group of macrocycles has evolved to include a number of similar structures that make 
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use of other heteroatoms (nitrogen, sulfur and phosphorus) to join carbon bridges of 
different sizes in the macrocycle. Furthermore, different types of substituents have been 
incorporated into the CR structure to modify the electronic, solubility and other desirable 
properties of these CRs. The interaction of CRs with metal ions arises due to ion-dipole 
interactions between the metal ion and the electronegative heteroatoms of the crown ring. 
These complexes can be classified into three categories; 1) the “nesting” complex, 2) the 
“perching” complex and 3) the “sandwich” complex.56 As illustrated in Figure 1-4, the 
nesting complex is formed when the metal ion fits within the crown ether cavity. 
However, when the size of the metal ion is slightly larger than the crown ether cavity, a 
“perching” complex can be formed. In this complex, the metal ion is raised slightly above 
the plane of the crown ether oxygen atoms. In the “sandwich” complex case, the cation is 
too large to fit into the crown ether cavity. Consequently, a stable complex can then be 
formed by having two crown ether moieties sandwiching the metal ion.  
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Figure 1-3 Chemical structures of some common crown ethers. 
 
 
‘Nesting’ complex 
 
 
 
‘Perching’ complex 
 
‘Sandwich’ complex 
Figure 1-4 Molecular models of the three types of complexes formed by crown ethers and 
metal ions.57  
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Since their discovery, CRs have found a wide range of applications in diverse 
fields of science and industry. One of the most important applications of CRs is in 
selective extraction of toxic metal ions from wastewater.58-61 In this application, CR is 
either chemically bonded to a biopolymer or encapsulated in a synthetic polymer resin. 
This is done to avert problems associated with using CR alone in powder form. In powder 
form, CR cannot be recycled easily after use. Therefore, incorporating it in a biopolymer 
framework either chemically or physically is more attractive. However, chemical 
attachment usually involves the use of potentially harmful solvents such as chloroform.59 
It may also alter properties of CR. In addition, it requires personnel with expertise in 
synthesis.  
In our study, we developed a novel method to synthesize CR-based adsorbents 
and investigated them for their suitability in selective adsorption of heavy metal ions 
(Zn2+ and Cd2+). We used benzo 15-crown-5 adsorbent partly because its cavity size 
(~1.7-1.9 Å)62 is similar to the ionic size of Cd2+ (1.94 Å)58 but it is very different from 
the ionic size of Zn2+ (1.48 Å).62 Therefore, based on size-fit concept, we would expect 
B15C5 to adsorb Cd2+ more strongly than Zn2+. An additional advantage of this method is 
that B15C5 is encapsulated into the polysaccharide matrices without forming any new 
covalent bonds. Consequently, the desirable properties of both B15C5 and 
polysaccharides (CEL and CS) are expected to be maintained. In addition, no organic 
solvents were used; the method is therefore expected to be green. Furthermore, using a 
solid sorbent eliminates the generation of secondary waste and is also time efficient. In 
addition, adsorbents are portable and therefore applicable for field sampling. 
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1.3.2. Resorcinarenes 
Resorcinarenes, a subclass of calixarenes, are cyclic tetramers produced from 
polycondensation of resorcinol and a variety of aldehydes (Figure 1-5).63-66 Their history 
stretches back to 1872 when Baeyer first reported reactions between resorcinol and 
aldehydes.64 However, it took several years before the tetramer structure of these 
products was elucidated by single crystal X-ray analysis.67 The structure of these 
resorcinarenes is held by hydrogen bonds formed between hydroxyl groups from adjacent 
resorcinol rings. The bowl-shaped aromatic cavity which is made up of four electron rich 
benzene rings serve as a  π-base that interacts with guest molecules through mainly CH---
π (dispersion) interactions.68 In addition, analytes, especially poly aromatic hydrocarbons 
(PAHs) interact with the alkyl substituents (lining the lower rim of RES) through VDW 
forces. This enabled the separation of PAHs when RES was applied as a pseudo-
stationary phase in electrokinetic chromatography (EKC).69 Furthermore, polar organic 
analytes can form complexes with RES through hydrogen bonding or electrostatic 
interactions with the hydroxyl groups on the four resorcinol rings.70-72  
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Figure 1-5 Chemical structures of tetra-(C-alkyl)-calix[4]resorcinarene. 
Resorcinarenes are versatile compounds which can be modified with a variety of 
substituents on both the upper and the lower rims to impart specific properties. These 
modifications help to extend the applications of RES to include such applications as inter 
alia chromatographic separation (HPLC, GC, IC and electro kinetic chromatography), 
chiral NMR resolution, reaction catalysis, drug encapsulation, protection and delivery.72-
75  
Despite the considerable potential of RES in molecular recognition, it has barely 
been used to selectively remove organic pollutants from water. As described in the case 
of CRs, using RES in powder form would create challenges in recovery and recyclability 
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of this adsorbent. In addition, a powder is difficult to handle. We therefore, undertook 
this study to develop a method to encapsulate RES in biopolymer matrix and then 
investigate the suitability of this resultant composite in adsorbing a variety of phenyl-
based pollutants. Polysaccharides, CEL and CS, were chosen for their film-forming 
capability. Other benefits of using these biopolymers have been discussed previously 
under relevant sections. We hypothesized that encapsulating RES in the biopolymer 
matrices without any chemical modifications would help to transfer selectivity of this 
RES to the composite. To ensure that there is no chemical modification, we used a novel 
solvent, an ionic liquid, to dissolve both polysaccharides and RES simultaneously and 
then regenerate the film composites from water.  
1.4. Ionic Liquids 
Ionic liquids (ILs) are materials that are composed entirely of organic cations and 
organic/inorganic counter anions that exist as liquids at relatively low temperatures (< 
100 0C). Thus, they are termed Room-Temperature Ionic Liquids in order to differentiate 
them from traditional salts, which melt at much higher temperatures. The typical cations 
and anions of these ILs are presented in Scheme 1-1. It is possible to synthesize some ILs 
in one or two sequential steps, where necessary. The first step involves quaternization of 
a Lewis base (an amine, a phosphine or a sulfide) with a haloalkane (chloroalkanes, 
bromoalkanes and iodoalkanes) or protonation of the Lewis base with a free mineral acid 
(Scheme 1-2a). As illustrated in this Scheme, all reactants are incorporated in the product, 
thus this quaternization process is theoretically 100% atom efficient. The second step 
involves a simple metathesis reaction whereby an anion of the IL synthesized in the first 
step is exchanged with an anion of a group 1 metal or silver(1) salt, MY or a mineral acid 
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(Scheme 1-2b). It is therefore possible to synthesize a wide variety of ionic liquids using 
either of these two methods. In fact, there are at least a million ILs that can be 
synthesized by combining different organic cations and anions.76 As a result, the physical 
and chemical properties of these ILs can be tuned to suit the intended application by 
simply varying either the cation or the anion. For example, whereas hydrophilic ILs can 
be synthesized using halides as anions, hydrophobic ILs can be synthesized using 
hydrophobic anions such as hexafluorophosphate, tetrafluoroborate, etc. For this reason, 
ILs are christened ‘designer’ solvents.  
 
Scheme 1-1 Typical cations and anions of ionic liquids. 
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Scheme 1-2 Common pathways for synthesis of ILs. (a) An amine, methylimidazole is 
reacted with an alkyl halide to form a quaternized imidazolium halide IL. (b) The halide 
in imidazolium halide IL from (a) is exchanged with an anion from a group 1 metal or 
Ag(I) salt to form another IL. 
The history of ILs can be traced back to the landmark report of the first ionic 
liquid, ethyl ammonium nitrate ([EtNH3][NO3]; mp 13-14 
0C), in 1914.77 Despite this 
landmark discovery, it took several years for this field of ILs to attract significant 
attention from the scientific community. This lack of attention was partly due to the lack 
of information about the physical and chemical properties of these ILs. In addition, early 
studies on ILs were mainly focused on their applications in electrochemistry78 with the 
only exception being a patented method for dissolving cellulose in halide-based ionic 
liquids.79 During the late 1990s, it was suggested that ILs could be used for both ‘green’ 
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and industrial chemistry. Since then, there has been an increasing interest in the field of 
applications of ILs.  
Ionic liquids continue to gain increasing interest because of their unusual physical 
and chemical properties which enable them to be used in a wide range of scientific and 
industrial applications. One of the most interesting and important properties of ILs is 
negligible vapor pressure. Negligible vapor pressure helps to minimize the risk of 
atmospheric pollution thereby reducing associated health concerns. For this reason, ILs 
are often called ‘green solvents.’ As a result, ILs are continuously being explored to 
replace volatile organic solvents in a wide range of chemical processes. For example, 
dissolution of biopolymers (such as CEL, CS, KER) is often carried out at temperatures 
high enough to cause boiling of some of the classic organic solvents for these 
biopolymers thereby posing additional health and safety risks. However, with negligible 
vapor pressure, ILs can be safely used to dissolve these biopolymers. 
Another important property of ILs in the dissolution of biopolymers is that ILs are 
both thermally stable and non-flammable. A classic example is BMIm+Cl- which has an 
onset of thermal decomposition of 240 0C.80 This is advantageous because this 
temperature is almost twice the temperatures required to dissolve CEL, CS (~90-105 
0C)81,82 or KER (~115 0C).51,83 Therefore, the dissolution of these biopolymers can be 
carried out without concerns for decomposing the IL. At these high temperatures, typical 
solvent systems such as LiCl/DMAc degrade into species that are capable of cleaving 
CEL chains.24  
The properties discussed above prompted us to use ILs, exclusively BMIm+Cl-, to 
dissolve biopolymers including CEL, CS, and wool KER. The dissolution of all these 
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three biopolymers in this common solvent enabled us to synthesize composites 
containing different proportions of each of these biopolymers. More importantly, the IL 
could be leached from the films using water and subsequently recovered for reuse by 
distillation.  
1.5. Outline of the Dissertation 
In chapter 2, the synthesis and characterization of polysaccharide-crown ether 
composites will be described. In addition, there application for the selective adsorption of 
heavy metal ions and organic pollutants will also be described in the same chapter. 
Chapter 3 involves the synthesis and application of polysaccharide-resorcinarene 
composites for the selective adsorption of several organic pollutants. In chapter 4, we will 
describe the synthesis and characterization of a potential bone tissue engineering material 
from chitosan, cellulose and hydroxyapatite. Chapter 5 encompasses a study on the 
controlled release of an antibiotic, ciprofloxacin, from composites containing various 
proportions of cellulose, chitosan and keratin. Chapter 6 will be about the synthesis of 
gold and silver nanoparticles in cellulose, chitosan and keratin composite films. Chapter 7 
will be on conclusions and recommendations for future research.
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CHAPTER 2 
SELECTIVE ADSORPTION OF HEAVY METAL IONS AND ORGANIC 
POLLUTANTS BY SUPRAMOLECULAR POLYSACCHARIDE COMPOSITE 
MATERIALS FROM CELLULOSE, CHITOSAN AND CROWN ETHER 
2.1. Background 
The release of heavy metals into the environment has become a matter of global 
concern because they are carcinogenic, non-biodegradable (thus very stable and 
persistent) and they tend to accumulate within the biological system.1 These heavy metal 
ions are accidentally or intentionally released into waterways through untreated 
wastewater discharges from industrial operations such as metal plating, printing, 
metallurgical alloying, fertilizers, pesticides and alkaline battery manufacturing.2 
Cadmium and zinc are two of the many heavy metal ions which generate a continuing 
occupational and environmental concern. Cadmium exhibits an extensively long 
biological half-life and causes serious health disorders including osteoporosis,3 multi-
tissue cancer,4,5 Parkinson’s disease,6 and Alzheimer’s disease,7 among other health 
disorders. Although zinc is an essential micronutrient for plant and animal nutrition, it 
can also be highly toxic to plants, invertebrates and even vertebrate fish when it is 
available in excess. Specifically, excess quantities of zinc in the blood can cause neuronal 
degeneration,8 lung disorders and growth retardation.9 In addition, when Zn is present in 
water at concentrations greater than 4 mg per L, it imparts an undesirable astringent taste 
to the water. Furthermore, at concentrations greater than 3-5 mg per L, the water appears 
opalescent and develop a greasy film on boiling.10 Thus, due to these and other emerging 
evidence about the harmful effects of heavy metals, international regulatory agencies 
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have enacted laws and set standards to limit their discharge into municipal sewers.11 For 
example, World Health Organization (WHO) set the maximum concentration guideline 
of Cd in drinking water to be 3 µg per L.12 However, the costs associated with 
compliance to these stricter regulations are often prohibitively high especially for small 
companies and cash strapped economies. Thus, there is a growing demand for the design 
of relatively efficient and economically viable alternatives which require readily available 
materials. Such a development would help cushion vulnerable communities—those with 
little financial surplus to spend. 
A variety of technologies have been developed to remove heavy metal ions from 
water and wastewater. These include inter alia reverse osmosis, ion exchange, 
electrodialysis, chemical precipitation and adsorption onto activated carbon.13-18Although 
these technologies are effective, they present serious limitations which make them 
unsustainable for use in large scale processes. Specifically, chemical precipitation 
produces sludge which creates further problems for disposal. In addition, it has also been 
reported that this process is inefficient in the removal of heavy metal ions such as 
cadmium.19,20 Reverse osmosis and ion exchange methods are considered to require 
special membranes and resins that are expensive.11 During electrodialysis, hydroxides are 
formed which usually clog the ion selective membranes rendering them inefficient. In 
addition, this process requires a large input of energy thereby making it economically 
unsustainable.13 Thus, there is still a greater demand for better technologies to remove 
heavy metal ions in a more efficient and sustainable way. 
Amongst all the methods employed in the sequestration of heavy metal ions from 
water, adsorption is receiving considerable attention owing to its low initial cost, 
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simplicity of design, ease of operation, insensitivity to toxic substances and its ability to 
completely remove pollutants even from dilute solutions.15,21 This considerable attention 
has resulted in a wide variety of materials being investigated for their suitability in 
adsorbing heavy metal ions from water. Since some of these metal ions are precious 
metals, they should be selectively adsorbed for the purposes of recovery and reuse. 
Therefore, the main requirement for metal ion adsorbents is that they should possess 
binding sites that are specific to particular heavy metal ions. As has been described in 
section 1.3.1, crown ethers (CRs) exhibit remarkable selectivity towards heavy metal ions 
of ionic size which closely matches their cavities.22 Therefore, the selectivity of CRs can 
be fine-tuned by changing their cavity size. In addition to changing the cavity size, other 
modifications that can be done to change their selectivity include changing the rigidity of 
the ring, appending ionizable groups and changing the number and type of donor atoms. 
This flexibility in tuning the selectivity of CRs enabled them to be used in selective 
extraction23,24 and as sensors for metal ions.25,26 However, in powder form, CRs are 
difficult to handle. In addition, they are both expensive and cannot be recycled easily.27 
Thus, attempts have been made to chemically graft them onto some polymer support. 
Such grafted polymers exhibited better metal ion selectivity than their corresponding CRs 
and polymers.28 However, these novel systems were still mired by severe limitations. For 
example, the reactions involved in grafting the CRs are not only complex but they 
involve the use of volatile organic solvents which pollute the atmospheric environment. 
In addition, the chemical processes involved could adversely alter the beneficial 
properties presented by the polymer. For example, chitosan, by itself adsorbs heavy metal 
ions through complexation using the amine groups. However, grafting is carried out onto 
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these active sites thereby making them unavailable for adsorption of heavy metal ions. As 
a result, the adsorption capacity of the polymer is sacrificed through this grafting.27 It is 
therefore desirable to encapsulate CRs into the polymer matrix without any chemical 
modification.  
Cellulose (CEL) and chitosan (CS) are two of the most promising biopolymer 
support for encapsulating CRs because they possess unique features which have already 
been described in the previous Chapter. Specifically, CEL exhibit superior mechanical 
properties29-31 whilst CS exhibit remarkable properties such as hemostasis,32 wound 
healing,33 antibacterial34,35 and most importantly they are capable of forming complexes 
with both heavy metal ions and organic pollutants.36-38 However, their structures are 
stabilized by wide networks of intra- and inter-molecular H-bonds which render them 
virtually insoluble in common organic solvents. This limitation has probably delayed the 
development of novel CR-based supramolecular composites for the adsorption of heavy 
metal ions. 
Recent developments in the field of applications of ionic liquids (ILs) has enabled 
them to be successfully used to dissolve large biopolymers such as CEL and CS.30,39-42 As 
has been described in section 1.4, ILs are widely explored in many applications because 
they possess unique properties. In addition to having a negligible vapor pressure,43 ILs 
exhibit a wide liquid range and they are thermally stable.44 The most common IL used in 
dissolving such biopolymers is an imidazolium-based IL namely 1-butyl-3-
methylimidazolium chloride (BMIm+Cl-). In addition to the dissolution of these natural 
biopolymers, ILs have been shown to dissolve macrocycles such as cyclodextrins.45 
Therefore, it is reasonable to postulate that this IL can also dissolve CRs. 
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2.2. Adsorption Kinetics Models 
2.2.1. The adsorption process 
Adsorption involves the accumulation of substances on a suitable surface from a 
solution. It is considered to be effective in the removal of heavy metal ions from 
wastewater.46 Adsorption can be either physisorb or chemisorb in nature.47 Physical 
adsorption is non-specific. The adsorbed molecule can move from one adsorption site to 
the other. In chemical adsorption, strong electrostatic interactions between the adsorbate 
ion and the adsorbent active site hold the ion at one site. This introduces selectivity 
because different types of ions might have different affinities for a particular adsorbent 
site. The adsorption of a metal ion can occur through four steps depicted on Scheme 2-1 
below. On the first stage, the metal ion diffuses through the bulk solution to the boundary 
layer of fixed film of liquid surrounding the adsorbent. Subsequently, the ion diffuses 
through this thin film before getting to the entrance of the adsorbent pores. The ion then 
diffuses through the pore liquid and sometimes along the surface of the adsorbent. 
Finally, the ion then adsorbs onto the available active site on the inner surface of the 
adsorbent. Due to the small surface area of the outer surface, the amount of material 
attached to those surfaces is considered to be insignificant.48  
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Scheme 2-1 Steps in the adsorption of metal ions onto the adsorbent site; bulk solution 
transport (1), film diffusion (2), pore diffusion (3) and adsorption (4).49 
2.2.2. Kinetics Models 
Different kinetics models have been used to explain the adsorption of metal ions 
onto adsorbents such as chitosan, moss peat, activated carbon etc. Amongst these, only 
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two are the most commonly used; Lagergren’s pseudo first order, and pseudo second 
order model.50-53 They help to elucidate the mechanism of metal ion adsorption. In 
addition, the performance of various adsorbents can be assessed using the parameters 
obtained by fitting experimental data to these models. 
2.2.2.1. Pseudo First Order Kinetics 
In pseudo first order kinetics, the rate of adsorption is directly proportional to the 
concentration gradient between the amount adsorbed at equilibrium and the amount still 
in solution. The derivation of the pseudo first order equation is given below. 
 dqt
dt
= k(qe − qt) 
Eq. 2.1  
 
Where k is the rate constant of sorption, (g/μmol min), qe is the amount of 
divalent metal ion sorbed at equilibrium, (μmol/g), qt is the amount of divalent metal ion 
on the surface of the sorbent at any time, t, (μmol/g). 
Rearranging Eq. 2.1 leads to Eq. 2.2 
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Eq. 2.2  
 
The integration expression showing the boundary conditions is given in Eq. 2.3 
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Eq. 2.3  
 By integrating Eq. 2.3, and rearranging results in the linearized form of the 
pseudo first order equation (Eq. 2.4). 
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Eq. 2.4  
 
By plotting log (qe-qt) vs time t, the parameters k1 and qe which represent pseudo 
first order rate constant and equilibrium amount adsorbed per unit weight of adsorbent 
respectively can be determined. 
However, in most cases, this linearized equation does not give theoretical qe 
comparable with the experimental ones.54 The plots are found to be linear for only the 
first few minutes, beyond which the data would not show good correlation. Despite these 
disadvantages, this model has been used to explain the adsorption of metallic ions onto 
chitosan.  
2.2.2.2. The Pseudo-Second Order Model 
Most adsorption kinetics onto polymer adsorbents were found to follow the 
pseudo second order model. Ho and Mckay applied pseudo second order model on the 
kinetics of adsorption of divalent metal ions (Pb, Cu, and Ni) onto sphagnum moss peat.50 
The assumption is that the sorption follows the Langmuir equation. The assumptions for 
Langmuir type of adsorption include: 
 There is a monolayer of metal ion on the surface of the adsorbent 
 The energy of sorption for each metal ion is the same and is independent of 
surface coverage 
 The sorption occurs only on localized sites and involves no interactions between 
sorbed ions 
 The rate of sorption is almost negligible in comparison with the initial rate of 
sorption 
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The pseudo second order rate expression can be represented as below: 
 
 22 te
t qqk
dt
dq
  
Eq. 2.5  
 
Where k is the rate constant of sorption, (g/ μmol min), qe is the amount of 
divalent metal ion sorbed at equilibrium, (μ mol/g), qt is the amount of divalent metal ion 
on the surface of the sorbent at any time, t, (μmol/g). 
Separation of variables in Eq. 2.5 gives Eq. 2.6: 
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which has the integration expression represented by Eq. 2.7 
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This equation can be linearized to give the following equation: 
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A plot of 𝑡 𝑞𝑡⁄  against t from experimental data can be used to determine the constants, qe 
and k. 
2.2.3. Isotherm models 
Adsorption isotherm models are used to describe the distribution of adsorbate 
species between the adsorbent surface and the solution, at equilibrium at a specified 
temperature. In our study, we used Langmuir, Freundlich, and Dubinin-Radushkevich 
isotherm models to study equilibrium adsorption of Cd (II) ions onto 100% CS and 50:50 
CS:B15C5. Details about their theoretical backgrounds are given in the following 
subsections 2.2.3.1-2.2.3.3. 
2.2.3.1. Langmuir adsorption isotherm 
Langmuir adsorption theory is based on monolayer adsorption. The adsorption 
can only occur at a finite number of sites that are uniformly distributed on the adsorbent 
surface.55 Consequently, systems that follow this model are characterized by a theoretical 
saturation point when all sites are occupied by the analyte species. It is also assumed that 
there is no interaction and steric hindrance amongst the analyte species. All adsorbent 
sites exhibit equal affinity for the analyte species. The linearized equation that represents 
this Langmuir model is shown in Eq. 
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Eq. 2.10  
 
Where eC  (µmol/L) is the equilibrium concentration; eq (µmol/g) and maxq (µmol/g) are 
equilibrium and theoretical adsorption capacity of the adsorbent for the particular 
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adsorbate respectively; LK is the adsorption equilibrium constant (L/µmol). The essential 
characteristics of Langmuir isotherm can be expressed in terms of LR , a dimensionless 
constant referred to as separation factor.56 It is calculated using the following equation: 
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Eq. 2.11  
where oC is the initial concentration of metal ions in solution. The value of LR indicates 
the type of Langmuir isotherm; favorable (0< LR <1), irreversible ( LR =0), linear ( LR =1), 
and unfavorable ( LR >1). 
2.2.3.2. Freundlich adsorption isotherm 
Freundlich adsorption isotherm is widely applied to multilayer adsorption.21 It 
describes adsorption onto heterogeneous surface that exhibit a non-uniform distribution 
of adsorption enthalpy. Consequently, stronger binding sites are occupied first. It is 
represented by the expression shown in Eq. 2.12. 
        eFe CnKq log1loglog   Eq. 2.12  
 
Where FK is Freundlich constant related to the sorption capacity; n is the 
heterogeneity factor. As n approaches zero, the surface becomes more heterogeneous. 
When 1n , the adsorption is considered to be through chemisorption whereas when
1n , it is cooperative association. 
2.2.3.3. Dubinin-Radushkevich model 
Dubinin-Radushkevich model is an empirical model that was initially applied to 
describe the adsorption of subcritical vapors onto porous solids following a pore filling 
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mechanism.21 It is based on the assumption that adsorption enthalpy follows a Gaussian 
distribution throughout a heterogeneous surface. Its linearized form is represented by Eq. 
2.13. 
 2
max,lnln  DRe qq  Eq. 2.13  
 
Where DRqmax, is the maximum amount of metal ion that can be adsorbed per unit 
weight of adsorbent;  (mol2 J-2) is the coefficient related to the free energy of adsorption 
of the metal ions;  (J mol-1) is the Polanyi potential, which is the energy required to 
overcome the attractive force between the metal ions and the adsorption site. The 
parameters DRqmax,  and   were derived from the intercept and slope of a plot of eqln
versus 2 . Meanwhile, the Polanyi potential can be calculated using the following Eq. 
2.14. 
  eCRT 11ln   Eq. 2.14  
 
Where R is the molar gas constant (R=8.314 J mol-1 K-1) and T is the temperature 
of the adsorption solution in Kelvin (T=298 K). 
The objective of this study is to report a novel method to synthesize CR-based 
composites by using BMIm+Cl- solvent to dissolve CR, CEL and CS in one-step. This 
method is described in detail in sections that follow. In addition, we report the 
characterization of these composite materials using a variety of spectroscopic techniques 
such as FTIR, UV-Vis, and XRD. These novel composites were then extended towards 
the selective adsorption of Cd (II) and Zn (II) from synthetic wastewater. Interestingly, 
interactions between these polysaccharides and the crown ethers led to synergistic 
adsorption of heavy metal ions. In addition, CS-based composites were able to adsorb 
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appreciable amounts of the organic pollutant, 2,4,5-trichlorophenol. Details of these 
adsorption experiments and results are presented in the sections that follow.   
2.3. Experimental Methods 
2.3.1. Chemicals 
Microcrystalline cellulose (with a level-off degree of polymerization, 𝐷. 𝑃.̅̅ ̅̅ ̅̅  ≈ 
300)57,58 and chitosan (MW≈310-375 kDa) were purchased from Sigma-Aldrich 
(Milwaukee, WI). The degree of deacetylation of chitosan, as determined by FT-IR method 
was 84±2%.59 Water, purified from a Barnstead Nanopure unit (Dubuque, IA, USA) or 
double-distilled (~18.2 MΩ cm-1) was used to prepare aqueous solutions of zinc (II) nitrate 
(J.T. Baker), cadmium (II) nitrate and 2,4,5-trichlorophenol (2,4,5-TCP) (Sigma-Aldrich, 
Milwaukee, WI, USA). Benzo 15-crown-5 (B15C5), benzo 18-crown-6 (B18C6), dibenzo 
18-crown-6 (DB18C6) (Alfa Aesar), and dibenzo 15-crown-5 (Acros) were used as 
received. The structures of these compounds are presented on Scheme 2-2. 
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Scheme 2-2 Chemical structures of materials used in this study. 
The IL, BMIm+Cl- was synthesized according to procedures reported previously.60 
In brief, freshly distilled 1-methylimidazole (350 mL, 4.39 mol) and n-butyl chloride (508 
mL, 4.83 mol) were allowed to react under argon or nitrogen at 60-70 0C for 72 h (Figure 
2-1). Crude BMIm+Cl- was then washed with three 3 X 200 mL dry ethyl acetate to remove 
any excess reactants and contaminates. Any remaining ethyl acetate was removed by 
rotavaping the IL at 70 0C for at least 10 h. The pure IL was then characterized by 1H and 
13C NMR spectroscopy. 1H NMR (CDCl3, 400 MHz) δ in ppm: 0.96 (t, 3H, 
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NCH2CH2CH2CH3), 1.38 (m, 2H, NCH2CH2CH2CH3), 1.91 (m, 2H, NCH2CH2CH2CH3), 
4.13 (s, 3H, NCH3), 4.34 (t, 2H, NCH2CH2CH2CH3), 7.56 (t, 1H, NCHCHN), 7.72 (t, 1H, 
NCHCHN), 10.55 (s, 1H, NCHN). 13C NMR (CDCl3, 400 MHz) δ in ppm: 13.36 
(NCH2CH2CH2CH3), 19.35 (NCH2CH2CH2CH3), 32.08 (NCH2CH2CH2CH3), 36.42 
(NCH3), 49.63 (NCH2CH2CH2CH3), 121.98 (NCHCHN), 123.67 (NCHCHN), 137.66 
(NCHN). 
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Figure 2-1 Set-up for the synthesis of 1-butyl-3-methylimidazolium chloride. 
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2.3.2. Instruments 
FT-IR spectra of the materials were recorded on a Perkin Elmer 100 spectrometer 
at 2 cm-1 resolution by averaging 64 spectra for each spectrum. These spectra were 
measured using either KBr or a ZnSe single reflection ATR accessory (Pike Miracle ATR). 
UV-Visible spectra were measured on a Perkin-Elmer Lambda 35 UV/Vis spectrometer. 
X-ray diffraction (XRD) measurements were performed on a Rigaku MiniFlex II 
diffractometer using the Ni filtered Cu Kα radiation (1.54059 Å). The voltage and the 
current of the X-ray tube were 30 kV and 15 mA respectively. The samples were measured 
within the 2θ range 2.0 to 40.00 with the scan rate being set at 50 min-1. Data processing 
procedures were then performed using the Jade 8 program package.61 The surface and 
cross-sectional morphologies of the composite films were examined under vacuum using 
a Hitachi S-4800 scanning electron microscope (SEM) at accelerating voltage 3 kV. Prior 
to SEM examination, the film specimens were made conductive by applying a 2 nm 
iridium-coating onto their surfaces using an Emitech K575x Peltier Cooled Sputter Coater 
(Emitech Products, TX). Tensile strength of the composite films were evaluated on an 
Instron 5500R tensile tester (Instron Corp., Canton, MA) equipped with a 1.0 kN load cell 
and operated at a crosshead speed of 5 mm min-1. Each specimen had a gauge length and 
width of 25 mm and 10 mm respectively. In order to avoid slippage of the film specimens 
during measurement, two pieces of sandpaper (20 mm x 20 mm) were folded over the 
specimen ends and clamped between the jaws of the tensile tester. Figure 2-2shows the 
image of the tensile tester machine. 
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Figure 2-2 Image of the tensile tester machine. The sample is clamped on both ends using 
the upper and the lower jaws. In this set-up, tensile force is applied by moving the lower 
jaw vertically downwards whilst the upper jaw remains stationary. 
2.3.3. Preparation of polysaccharide/crown ether composite films 
The procedure previously developed in our group was slightly modified to adapt to 
the synthesis of CR-containing composite films.62 As shown in Scheme 2-3a desired 
amount of CR (e.g., 0.60 g of B15C5) was dissolved in 30 g of BMIm+Cl- at 90-105 0C 
under either argon or nitrogen atmosphere exclude undesirable oxidation of reactants. After 
the dissolution of B15C5 (~30 min) either CEL or CS was added in portions of 1% (with 
respect to the weight of BMIm+Cl-) each time. Each successive 1% portion was added after 
the previous one had already completely dissolved until a desired amount was reached. 
Upper jaw 
Lower jaw 
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Then, upon complete dissolution (~6 h) of these constituents, homogeneous but viscous 
solutions of CR and CEL or CS in BMIm+Cl- were casted into lab-designed moulds made 
from Mylar substrates and PTFE. These viscous solutions were left to cool down to room 
temperature and gel overnight. The ionic liquid, BMIm+Cl-, was then removed from the 
films by immersing the films in ~1.8 L water for about 72 h or until all the IL was confirmed 
absent in the water washing by UV Vis spectroscopy. During this washing period, the 
washing water was constantly replaced with fresh water each time to maximize and quicken 
the removal of ionic liquid. Distillation of the water washings enabled us to recover 
BMIm+Cl- for potential reuse. At least 88% of the IL was recovered for reuse.59 The 
resultant IL-free wet films were then either air-dried in a home-made drier (for mechanical 
tests) or they were lyophilized (for adsorption and other characterizations) on a Virtis 2 L 
freeze drier to afford dried films. Films containing different compositions of either CS and 
CR, [CS+CR] or CEL and CR, [CEL+CR] and CS and CEL, [CEL+CS] and CEL, CS and 
CR, [CEL+CS+CR] were synthesized by this same approach. However, when [CEL+CS] 
composites were made, CEL was dissolved first before adding CS. Also, for the synthesis 
of [CEL+CS+CR], these components were dissolved in the order CR, then CEL and lastly 
CS. It should be pointed out that within experimental errors, composite films prepared 
using either the recovered IL or the fresh IL were similar in terms of their spectroscopic 
features and their adsorption capacities and behaviors. 
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Scheme 2-3 Synthesis of crown ether-based composite films. 
2.3.4. Procedure used to measure kinetics of adsorption of heavy metal ions by the 
composite films 
Metal ion solutions of concentration 4.448 mM M2+ were prepared by dissolving 
the desired amount of either cadmium nitrate or zinc nitrate in highly purified water (18.2 
MΩ). The pH of these solutions were adjusted to desired pH (pHs studied include 1.9, 
3.9, 6.0, 7.1, and 8.0) using either 0.2 M HNO3 or 0.2 M NaOH. The composite film 
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(0.20 g) was then added to 100 mL of 4.448 mM metal ion solution in a 250 mL 
Erlenmeyer flask. The mixture was then shaken at 180 rpm at room temperature (25±1 
0C) using an orbital shaker (Lab-line 1345R, Barnstead).  Above this rate, the films 
would start to break apart, especially those with higher amounts of CR, into small 
particles making the whole solution turbid. It took ~ 24 h to reach equilibrium adsorption 
with either Cd2+ or Zn2+. An aliquot (50 µL for Cd (II) and 100 µL for Zn (II)) was 
withdrawn from the flask at predetermined time intervals including the time (t = 0 min), 
i.e., before adding the film into the metal solution. These aliquots were then diluted with 
5% HNO3. Subsequently, the concentrations of these metal ions were then determined on 
a Perkimer AAnalyst 100 flame atomic absorption spectrometer at 228.8 nm and 213.9 
nm for Cd (II) and Zn (II) respectively.63 The cumulative amount of metal ions adsorbed 
up to each time point were calculated by the following mass balance equation:  
 
𝑞𝑡 =
(𝐶𝑖 − 𝐶𝑡)𝑉
𝑊
 
 
Eq. 2.15  
 
where qt represents the amount of metal ion adsorbed per unit weight of film 
adsorbent (µmol g-1) at time t (min); Ci and Ct represent the metal ion concentrations 
(µmol L-1) at time t = 0 min and at time t respectively; V represents the volume (V = 0.1 
L) of the metal solution and W is the actual dry weight of the film composite (W ≈ 0.20 
g).  
The percentage amount of pollutant species adsorbed per unit weight of adsorbent 
was calculated using the equation below:  
 
% 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =
𝑞𝑒 ∗ 𝑊
1000 ∗ 𝐶𝑖 ∗ 𝑉
∗ 100% 
Eq. 2.16  
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Where qe is the amount of metal ion adsorbed at equilibrium (µmol/g); W, V and 
Ci are the same as described in Eq. 2.15. It is however worthwhile to mention that the 
constant 1000 was incorporated into the equation to convert millimmole to micromole. 
2.3.5. Procedure used to measure thermodynamics of adsorption of metal ions by 
composite films 
A series of solutions containing Cd (II) ions within the concentration range 100 
ppm to 2,000 ppm (0.89- to 17.8 mM) were prepared from a stock solution. Twenty five 
milliliters of each of these solutions was pipetted into a polyethylene vial. To each of 
these vials, 25 mg of composite film was added. Another set of vials containing 
corresponding volumes and concentrations of Cd (II) was also prepared. This acted as 
blank to account for any adsorption that may occur onto the surfaces of the vials. 
Subsequently, the vials were stoppered and then they were shaken on the orbital shaker 
for 96 h to ensure that equilibrium adsorption was achieved. In addition, the experiment 
was conducted at room temperature, 25 °C. The concentrations of Cd (II) ions in each of 
the vials were determined using flame AA. The amount adsorbed per unit weight of 
adsorbent was calculated using the mass balance equation Eq. 2.12. The data obtained 
was then fitted to three isotherm models; Langmuir, Freundlich and Dubinin-
Radushkevich isotherm models. 
  
W
VCC
q eoe

  
Eq. 2.17  
 
Where eq (µmol/g) is the amount of metal ions adsorbed per unit weight of 
adsorbent; oC and eC represent the initial and equilibrium concentrations (µM) 
respectively; V is the volume of adsorbate solution; W is the dry weight of adsorbent. 
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2.3.6. Procedure used to measure adsorption of 2,4,5-trichlorophenol by the 
composite films 
Adsorption of the organic pollutant 2,4,5-trichlophenol (2,4,5-TCP) was measured 
on a UV Visible spectrometer. Trial experiments indicated that any slight residue of 
BMIm+Cl- left out during the synthesis and washing step could interfere with the 
absorbance due to 2,4,5-TCP. To avoid such interference, the composite films were washed 
thoroughly in water until no more IL could be detected at least by UV Vis spectroscopy. 
Specifically, 2 specimens (each one weighing ~2.7 mg) for each composite to be tested 
were placed in a thin cell fabricated from PTFE windows sandwiched between two PTFE 
meshes (). The meshes were clamped together to hold them in place before they were 
immersed in 1.8 L water. The meshes served a dual function. They allowed free circulation 
of water and protect the films from possible damage from the stir bar. This washing took 
60 h, during which time the water was being constantly replaced (after every 4 h) to 
optimize the leaching of as much IL as possible. Each time before changing the water, a 
UV-Vis spectrum was recorded for the water washings. The presence/absence of 
BMIm+Cl- was confirmed by the appearance / disappearance of the peak at 214 nm and 
287 nm which are surrogate markers for this IL.  
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Figure 2-3 Washing samples for adsorption of organic pollutants 
After the films were confirmed clean, they were each placed in a separate 10 mm 
path-length cuvette (Figure 2-4). As shown in this figure, a PTFE mesh (0.8 mm X 0.8 
mm) was put into each cuvette before the film was laid flat on this mesh. Another mesh of 
almost identical dimensions was laid on top of the film. Therefore, the configuration was 
such that the two meshes sandwiched the film. Then, a spectrophotometric cell spin bar 
was put on top of the mesh. These two meshes served the same dual functions as during 
washing i.e. they protected the film from damage from the spin bar and allowed free 
circulation of the adsorbent solution. Exactly 2.70 mL of 390 µM aqueous solution of 2,4,5-
TCP were pipetted into one of the cells. Into the other cell, the blank cell, 2.70 mL of 
purified water was added. This blank served to correct for any absorbance change unrelated 
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to the adsorbate. It is noteworthy that in prior experiments, two blanks were used, one with 
film and water (blank 1) and the other one without film but with aqueous solution of 2,4,5-
TCP (blank 2). Blank 2 was used to correct for any insipient adsorption by any component 
other than the film. It was found that within experimental errors, there was no detectable 
adsorption by other cell components. Therefore, this blank was not used in subsequent 
adsorption experiments. Absorbances of the sample cell and blank 1 were then monitored 
at 289 nm which is the wavelength at maximum absorbance for 2,4,5-TCP. After each 
measurement, the cell was replaced on a magnetic stirrer and continuous stirred. Then, at 
each time point, the absorbance due to 2,4,5-TCP unadsorbed was calculated by taking out 
the difference between the absorbance in sample and blank 1 cells. The amount of 2,4,5-
TCP adsorbed (qt) up to each time point was then calculated using equation 1 with Ci and 
Ct being the concentrations of 2,4,5-TCP in the solution at t=0 and at time t mins 
respectively; V=2.7X10-3 L; and W = 2.7X10-3 g.  
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Figure 2-4 Experimental set-up for evaluating the kinetics of adsorption of organic 
pollutants. Cuvette (A) contains pollutant solution, film adsorbent, top and bottom meshes, 
and stir bar, Cuvette (B) contains similar components to (A) except the pollutant solution, 
film adsorbent, top and bottom meshes, and stir bar, Cuvette (B) contains similar 
components to (A) except the pollutant solution which is substituted by pure water, Cuvette 
(C) contains similar components to (A) except the film adsorbent. 
2.3.7. Reusability of composite films 
Experiments were also designed to determine if these novel composite films could 
be reused after they adsorb heavy metal ions (Cd2+ and Zn2+) and 2,4,5-TCP. Specifically, 
each of the composite films (i.e. 50:50 CS:B15C5 or 50:50 CEL:B15C5) that had 
previously adsorbed Cd2+ or Zn2+ respectively was washed in 100 mL of 5.0 mM aqueous 
solution of disodium EDTA in an Erlenmeyer flask. The contents were shaken at 180 rpm 
at room temperature on an orbit shaker. After 2 h of washing, the films were taken out 
and briefly rinsed in water at least twice before being blotted dry. The films were then put 
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in fresh EDTA solution and the process repeated two more times. Readsorption of these 
metal ions was then repeated as described in section 2.3.4.  
To test reusability of these polysaccharide crown ether composite films, the film 
with composition 30:20:50 [CEL+CS+B15C5] was chosen for the adsorption-desorption-
readsorption of 2,4,5-TCP. The first adsorption cycle was done as reported earlier. After 
24 hours of adsorption, the films were washed in 50 mL of double distilled water for 60 h 
exchanging water with fresh one every 12 h. Subsequently, the film was put in a cuvette 
and 2.7 mL of water was added. The absorbance of the water was recorded at 300 nm 
after 12 h. This was done to confirm that all the previously adsorbed 2,4,5-TCP was 
desorbed during the 60 h of washing. After the 12 h, the absorbance of the sample and 
blank were compared and found to be the same thereby confirming that no detectable 
analyte was still on the film. The film was then taken out of the cuvetted and blotted with 
filter paper. Adsorption of 2,4,5-TCP was repeated as before.     
2.3.8. Analysis of kinetics data 
We designed our experiments to determine if our novel polysaccharide composite 
films can potentially be used to adsorb heavy metal ions (Cd2+ and Zn2+) and organic 
pollutant, 2,4,5-TCP from water. In addition, we sought to evaluate the relative 
performance of each composite so that the best one could be identified. This was 
achieved by fitting the kinetics data to three most common kinetics models — pseudo 
first order, pseudo second order and intra-particle diffusion models. The detailed 
description and underlying assumptions involved in applying these models has been 
presented in the previous relevant sections.  
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2.3.9. Assessment of goodness of fit 
We used model selection criteria (MSC) and coefficient of determination, R2 to 
estimate the goodness-of-fit of the experimental data to each of the kinetics and 
thermodynamic models. The MSC was calculated using the equation below:64  
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Eq. 2.18  
 
where 𝑌𝑜𝑏𝑠𝑖 and 𝑌𝑐𝑎𝑙𝑐𝑖 are observed and calculated values of the i-th point, 
respectively and wi is the weight that applies to the i-th point, n is the number of points 
and p is the number of parameters. The product moment correlation coefficient was 
calculated automatically by Excel and Origin. 
2.4. Results and Discussion 
2.4.1. Synthesis of composite films 
Ionic liquid, BMIm+Cl- has gained popularity amongst the scientific community 
due to reasons previously presented in the introductory sections. One of the main 
advantages of the IL used in this project was that it can dissolve biopolymers such as 
CEL (MW≈49 kDa)and CS (MW≈310-375 kDa) for up to 10 weight % . In preliminary 
studies, we found that as high as 10% (with respect to the weight of IL) could be 
dissolved in BMIm+Cl-. On the other hand, only 4% CEL could be dissolved in the same 
amount of IL. These differences in solubility are not surprising because the molecular 
weights of these biopolymers were different. Also, it is relatively easier to dissolve CS 
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than CEL. Specifically, CS used in this study has a molecular weight of 310-375 kDa 
which is at least 6X that of CEL (50 kDa based on D.P. values of 300). However, 
preparing samples with such high concentrations of CEL or CS was avoided because the 
solutions became too viscous to stir thus making it difficult to make homogeneous films. 
After a couple of trials, we eventually chose concentrations of not more than 5% CEL 
and not more than 3% CS because it was found that these concentrations gave more 
reproducible samples. Furthermore, CEL dissolved much faster than CS. For example, it 
took, almost an hour to dissolve 1% CEL whilst it took at 2.5 h to dissolve an equivalent 
weight of CS. The effect of molecular weight could also be witnessed by the fast 
dissolution (less than 30minutes to dissolve 5% B15C5); the molecular weight of B15C5 
is 222.2 g/mol.  
Interestingly, during gelation, drops of the IL were forming at the top surface of 
the gel samples. This was hardly surprising because during gelation, the polymer chains 
draw towards one another reforming the intermolecular linkages which were previously 
disrupted by the IL. This process pushes the IL to the surface. With time (~16 h), the gel 
films become harder especially those containing CEL. This could be attributed to the 
homogeneity in the residues making up the CEL chains. Therefore, the chains in CEL 
tend to pack more tightly than in CS where there are varying ratios of acetyl glucosamine 
and glucosamine residues. 
In some studies, it has been shown that BMIm+Cl- exhibits some level of toxicity 
against aquatic organisms.65,66 In view of this, it is necessary to remove this IL from the 
gel films so as to allay any safety concerns which might arise from using composites 
containing this IL. To remove this IL from the gel films, we just soaked the films in water 
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and let the IL leach out. The first wash was yellowish showing the presence of this IL. 
However, as more water was being replaced with fresh one, this color faded to the extent 
that it was not visible by the human eye. We therefore used a more sensitive technique, 
UV Visible spectroscopy to monitor BMIm+Cl- through its absorption bands at 214- and 
290- nm. As expected, the intensities of these bands decreased with washing time until 
the concentration of this IL dropped below the limit of detection of the technique (3X10-5 
AU). It took ~72 hr for the peaks to disappear (Figure 2-5A and B). Therefore, this 
amount of time was set as the washing time that is sufficient to remove the IL.  
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Figure 2-5(A) UV Visible absorption spectra of the aqueous washing solutions at 
different time points (B) Rate of change of absorbance plotted against time. The molar 
absorptivity of BMIm+Cl- in water at 290 nm (ε290 nm) is 2.6 M-1 cm-1. 
There were differences in the dimensional changes which occurred during drying 
with either the home-made drier or the lyophilized. Essentially, all films which were air 
dried contracted in size compared with those that were lyophilized. In some cases, the 
size would contract as much as 200%. To reduce this effect, we put some weights on top 
of the films. Specifically, a PTFE mesh was laid on top of the film before putting weights 
on them.  
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2.4.2. Characterization of composite films 
2.4.2.1. Characterization by FT-IR 
We used FTIR spectroscopy to determine if, by any chance, detectable amounts of 
BMIm+Cl- remained within the matrices of the composite films. This is because it could 
be possible that some BMIm+Cl- remain encapsulated in the composites and not get 
released into the water during washing. Thus, this remaining ionic liquid would not be 
detected by UV Visible spectroscopy of the water washings because it would not have 
been released into the water. Therefore, recording FTIR spectra for the films would 
further confirm the presence/absence of any residual IL within the composites. The FTIR 
spectrum of BMIm+Cl- exhibits a series of spectral features which can be indexed to 
imidazole ring C-H stretch (3200-3000 cm-1), imidazole ring stretch (1600-1500 cm-1), 
imidazole H-C-H and H-C-N bending (1168 cm-1), and aromatic C-H vibrations at 756-, 
1468-, and 1572-cm-1 (Figure 2-6).67 Of these bands, only the 1600-1500 cm-1, 756-, 
1468-, and 1572-cm-1 do not overlap with the bands in the spectrum of regenerated CEL. 
However, only 756-, 1468-, and 1572-cm-1 do not overlap with the bands in regenerated 
CS. Therefore, we could use these bands to check if there was any IL in the films. As 
expected, these bands were absent in the spectrum of regenerated CEL and CS, thus 
further confirming the results obtained indirectly by UV Visible spectroscopy of the 
water washings.  
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Figure 2-6 FTIR-ATR spectra of 1-butyl-3-methyl-imidazolium chloride (BMIm+Cl-) 
(red), regenerated CEL (green), microcrystalline CEL (blue), regenerated CS (black), and 
CS powder (magenta). 
We also used FTIR spectroscopy to determine if there was any chemical 
modifications resulting from the dissolution and regeneration of either CS or CEL. This 
was accomplished by comparing the spectra of these components before and after 
regeneration using the IL, BMIm+Cl-. As illustrated in Figure 2-6 the spectrum of 
microcrystalline CEL powder exhibits characteristic bands at 3335 cm-1, 2896 cm-1 due to 
O-H and C-H stretch vibrations in the CEL structure respectively.68 The bands at 1160 
cm-1, 1054 cm-1 and 1030 cm-1 are associated with C-OH stretch vibrations at C-6.69 
Other bands at 1427-, 1368- and 896-cm-1 are assigned to CH2 symmetric bending 
vibrations of C-O-C groups, CH/CH2 bending vibration of C-H, and C-O stretch vibration 
of C-O-C groups respectively.68 Interestingly, the spectrum of regenerated CEL is similar 
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to that of microcrystalline CEL. This suggests that processing CEL in BMIm+Cl- did not 
lead to any chemical alterations, which implies that the IL acted as true solvent. This 
helps to ensure that the desirable properties of CEL may remain intact whilst fabricating 
it into a usable form. However, closer inspection of these spectra revealed some minor 
variations in terms of peak positions. Notably, most bands shifted to lower frequencies 
implying that the intra- and intermolecular bond network was modified by the 
regeneration process. For example, bands at 1030- and 1160-cm-1 in microcrystalline 
CEL shifted to 1017- and 1156-cm-1 in regenerated CEL respectively. These results 
suggest that the intra- and intermolecular H-bonding may be affected by the regeneration 
process. In fact, it has been observed that this change is due to the transition of CEL 
crystalline structure from the CEL I (highly crystalline) to the CEL II (more amorphous) 
polymorph. This is possible because BMIm+Cl- dissolves CEL through disrupting the 
intra- and intermolecular H-bonding network in the CEL structure. During regeneration, 
the more thermodynamically stable CEL II polymorph is produced. The band at 3335 cm-
1 (in microcrystalline CEL) shifted to a higher frequency, 3340 cm-1 (in regenerated 
CEL). This is due to the same reasons that the intermolecular H-bonding are less 
pronounced in regenerated than in microcrystalline CEL. However, the band in 
regenerated CEL is much broader than in microcrystalline CEL. This could be due to 
adsorbed water in regenerated CEL. This adsorbed water was also confirmed by a more 
intense band at 1641 cm-1 in regenerated material than in microcrystalline CEL.70  
The FTIR spectra of native CS and regenerated CS were also similar. Since CS 
structure is similar to that of CEL, except that CS has an amine / acetamide group at C-2, 
the FTIR spectrum of CS exhibited all of the bands which were observed in the FTIR 
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spectrum of CEL. These amine and amide groups give rise to bands at 1647 cm-1 (amide 
C=O stretch) and at 1589 cm-1 (-NH2 bending vibrations) in CS powder. Similar bands 
were observed in regenerated CS; 1649 cm-1 and 1575 cm-1 bands due to amide C=O 
stretch and –NH2 bending vibrations. These results clearly indicate that the chemical 
structure of CS is retained even after being dissolved and regenerated from the IL, 
BMIm+Cl-. Similar results have been reported elsewhere.62  
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Figure 2-7 FTIR spectra of [CS+B15C5] (A) and [CEL+B15C5] (B) composite films. For 
(A), (i) B15C5 powder, (ii) 40:60, (iii) 50:50, (iv) 60:40, (v) 70:30, (vi) 80:20, (vii) 90:10 
CS:B15C5 and (viii) 100% CS. For (B), (i) B15C5 powder, (ii) 50:50, (iii) 30:70, (iv) 
10:90 B15C5:CEL and (v) 100% CEL. 
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FTIR was also used to investigate the chemical interactions between either CEL 
or CS and B15C5 in their corresponding composites. As illustrated on Figure 2-7, the 
FTIR spectrum of B15C5 presents bands that are characteristic of the aromatic C-H 
vibrations. Specifically, the bands at 1594-, and 1456-cm-1 are assigned to aromatic C=C 
stretching vibrations.71,72 The bands at 1260- and 1121-cm-1 are assigned to aromatic and 
aliphatic COC stretch vibrations respectively.71 The bands at 3060- and 739-cm-1 are 
attributed to aromatic C-H stretch vibrations and aromatic C-H out of plane deformation 
of ortho-disubstituted benzene ring.73 The presence of this B15C5 crown ether in 
CS+B15C5 composite was then confirmed by comparing the spectrum of B15C5 with 
that of the respective composite film. As illustrated in Figure 2-8A, most of the bands for 
B15C5 are overlapped by those of CS which makes it harder to recognize bands 
attributed solely to B15C5. However, closer inspection of these spectra show that 
intensity of the bands at 1589-, 1456- and 739-cm-1 are increasing and getting sharper 
with the concomitant increase in the proportional content of B15C5 in [CS+B15C5] 
composite films. These results suggest that B15C5 was successfully encapsulated in CS 
matrix. This same analysis was applied to FTIR spectra of [CEL+B15C5] composite 
films. As illustrated in the Figure 2-8B, all spectra for [CEL+B15C5] composites contain 
bands at 1574- and 739-cm-1 which are characteristic of B15C5. Therefore, by using 
FTIR, it was possible to confirm that B15C5 was indeed successfully encapsulated in the 
polysaccharide matrices. 
In addition to B15C5, other crown ethers, DB15C5, B18C6, and DB18C6, were 
also encapsulated in CS matrices to synthesize [CS+DB15C5], [CS+B18C6] and 
[CS+DB18C6] respectively. To prove this claim, FTIR spectra of each of these crown 
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ethers were compared with those of their corresponding CS-composites. As expected, the 
spectra of these composites contain bands that are characteristic of functional groups in 
both CS and the respective crown ether (Figure 2-8). 
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Figure 2-8 FTIR spectra of [CS+DB18C6] (A), [CS+B18C6] (B) and [CS+DB15C5] (C). 
For (A), (i) DB18C6 powder, (ii) 40:60, (iii) 50:50, (iv) 70:30 CS:DB18C6, and (v) 
100% CS, (B) (i) B18C6 powder, (ii) 70:30, (iii) 60:40, (iv) 50:50 CS:B18C6, (C) (i) 
DB15C5 powder, (ii) 70:30, (iii) 90:10 CS:DB15C5, and (iv) 100% CS. 
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2.4.2.2. Characterization by UV Visible spectroscopy 
UV Visible spectroscopy enabled us to further confirm the presence of B15C5 in 
both [CS+B15C5] and [CEL+B15C5]. As expected, spectra of 100% CS and 100% CEL 
exhibit no bands in the UV Visible range because they lack UV-visible chromophores in 
their structures (Figure 2-9). In fact, their spectra show a sloping background due to the 
scattering effects. On the other hand, B15C5 exhibit a broad band at 278 nm due to the 
presence of the benzene ring in its structure. As expected, this band was also present in 
blend films of this crown ether, B15C5 and CEL/CS. This clearly corroborates the FTIR 
results that suggest that B15C5 was successfully encapsulated in the polysaccharide 
matrices. 
Figure 2-9 UV Visible spectra of 100% CEL (i), 100% CS (ii), 50:50 CEL:B15C5, 50:50 
CS:B15C5 and x10-4 M B15C5 in chloroform (v).  
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2.4.2.3. Characterization by X-ray diffraction Spectroscopy 
Powder X-ray diffraction spectroscopy was used to investigate the crystal 
structure of CEL, CS and crown ethers before and after their regeneration from 
BMIm+Cl-. As illustrated in Figure 2-10, microcrystalline CEL exhibits diffraction bands 
at 15.0°, 16.6° (shoulder), 20.7° (shoulder), 22.7°, and 34.7° due to diffraction from 
planes 110, 110, 102, 200 and 004 respectively.68 These bands are characteristic of 
cellulose lβ allomorph. However, upon dissolution and regeneration of this CEL, new 
broader bands attributed to cellulose II appear at 13.0° and 20.6°. These changes clearly 
suggest that the crystal structure of microcrystalline CEL was transformed to a relatively 
amorphous structure. In the CEL lβ lattice, CEL chains are aligned parallel to each other 
through H-bonding and van der Waals forces to form a compact structure which 
comprises predominantly crystalline regions. However, upon dissolution, it was proposed 
that the IL diffused into the CEL matrix and destroyed the inter- and intra-molecular H-
bonding network. Upon regeneration in the water, the solvent molecules were then 
washed away paving way for reformation of the H-bonding network. However, this 
reformation is bound to be incomplete because of the transitory nature of regeneration. 
The shift to lower 2 theta values (i.e. from 15.0° and 22.7° to 13.0° and 20.6° 
respectively) suggest that the inter-planar distances increased as a result of dissolution 
and regeneration. These results corroborate previous reports on the dissolution and 
regeneration of CEL from ILs.74  
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Figure 2-10 XRD spectra of (a) microcrystalline CEL, (b) 100% CEL, (c) CS powder, 
and (d) 100% CS. 
XRD spectra of both CS powder and regenerated CS film exhibit broad bands at 
12.0°, 20.4° and 10.8°, 20.2° respectively. These results suggest that the crystal structure 
of CS was unaffected by the dissolution and regeneration in BMIm+Cl- in stark contrast 
to the case of microcrystalline CEL. This could be due to the amorphous nature of the CS 
powder. The CS used in the present study contained 84% deacetylated and 16% 
acetylated glucosamine residues.59 As a result, CS chains cannot pack closely thereby 
leading to long range disorder.  
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Figure 2-11 XRD spectra of (a) B15C5 powder, (b) 40:60, (c) 50:50, (d) 70:30, (e) 80:20, 
(f) 90:10 CEL:B15C5, and (g) 100% CEL. (A) Curve fitting for XRD spectrum of 100% 
CEL. (B) Plot of band positions 1, and 2 against the loading of B15C5 in [CEL+B15C5] 
composite films 
XRD was also invaluable in revealing the structural transformations that take 
place as a result of blending these polysaccharides (CEL or CS) with crown ethers 
(B15C5, B18C6, DB15C5, and DB18C6). As illustrated in Figure 2-11, the XRD 
spectrum of B15C5 reveals a sharp band at 2θ=8.9° and several less intense peaks in the 
range 15-30° 2θ, which indicate that B15C5 exists in a highly crystalline state. 
Incorporation of B15C5 into CEL matrix led to some subtle changes in the crystal 
structure of CEL. These changes were best revealed by fitting two Lorentzian curves to 
the experimental XRD spectrum of regenerated CEL and [CEL+B15C5] composites 
(Figure 2-11A). It should be pointed out that attempts were made to fit data to the most 
widely used Gaussian line shapes resulted in poor fitting results than the Lorentzian line 
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shapes. For example, fitting the XRD spectrum of regenerated CEL to Gaussian line 
shapes yielded a coefficient of determination (R2) and chi square (χ2) values of 0.9770 
and 2,276.9 respectively. On the other hand, using Lorentzian line shapes improved the 
R2 and χ2 values to 0.9954 and 450.2 respectively. As illustrated, the spectra could be 
deconvoluted into two bands, one major band at 20.6° and a minor band at 12.9° for 
100% CEL. Incorporation of B15C5 in CEL shifted these bands towards smaller 2θ 
values. For examples; both 20.6° and 12.9° values shifted to 19.8° and 12.5° respectively 
when 50% B15C5 was incorporated in CEL matrix. The magnitude of the shift correlate 
positively with the proportional amount of B15C5 (Figure 2-11B). These results suggest 
that encapsulation of B15C5 causes some structural changes, albeit slightly, in 
[CEL+B15C5] composite. Since the 2θ values shifted towards smaller values, it can be 
reasonable to suggest that B15C5 intercalated between the CEL sheets during dissolution 
thereby pushing these sheets apart. The peaks for crystalline B15C5 disappeared upon 
encapsulation in CEL probably because the crystalline structure was destroyed or the 
instrument was not sensitive enough to detect B15C5. The [CS+B15C5] composites also 
showed the same trend (Figure 2-12). 
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Figure 2-12 XRD spectra of 100% CS film (top spectrum), 50:50 CS:B15C5 (middle 
spectrum), and B15C5 powder (bottom spectrum).  
XRD spectra of DB15C5, DB18C6 and B18C6 powders exhibit sharp bands 
which are similar to those bands in spectra of B15C5 (Figure 2-13). This indicates that 
these CRs exist as crystalline powders. After their incorporation in CS matrix, these 
bands disappear suggesting that their crystalline structures are destroyed. For a composite 
containing 60% DB18C6 and 40% CS, 40:60 CS:B18C6, the crystalline bands of 
DB18C6 can be observed suggesting that DB18C6 was still in its crystalline state. 
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Figure 2-13 XRD spectra of (A) CS:DB18C6 composite films and (B) CS:DB15C5 
composite films 
2.4.2.4. Characterization by Scanning Electron Microscopy 
We used SEM to investigate the texture and morphology of the composite 
materials, [CEL+B15C5] and [CS+B15C5]. The images shown in Figure 2-14 represent 
77 
the surface (four images in the first column) and cross sectional (four images in the 
second column) images of regenerated 100% CS, 100% CEL, and their respective 
composites with B15C5. Interestingly, the SEM images of 100% CS and 100% CEL 
exhibit different morphologies despite having similar chemical structures. While CS 
exhibits a smooth texture, CEL, on the other hand, exhibits a fibrous texture. Most 
importantly, their composites with B15C5 exhibit morphologies which are similar to 
those of CS (for 50:50 CS:B15C5) and CEL (for 50:50 CEL:B15C5). In addition, these 
images are homogeneous suggesting that the polysaccharides and B15C5 are compatible 
with each other. This compatibility could be due to favorable intermolecular interactions 
between CEL/CS and B15C5. These results corroborate XRD and FTIR results. 
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Figure 2-14 SEM images of surface (first column) and cross section (second column) of 
100% CS (first row), 50:50 CS:B15C5 (second row), 100% CEL (third row) and 50:50 
CEL:B15C5 (fourth row). The scale of the white bar is 5.00 µm. 
100% CS surface 
50:50 CEL:B15C5 cross section  50:50 CEL:B15C5 surface 
100% CEL cross section 100% CEL surface 
50:50 CS:B15C5 cross section 50:50 CS:B15C5 surface 
100% CS cross section 
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2.4.2.5. Mechanical Properties of [CEL+B15C5], [CEL+CS] and [CS+B15C5] 
We evaluated the mechanical properties of our composites because this property 
has implications for practical use. If the mechanical properties of the film are poor, it 
might be difficult to apply them for any practical use. As described earlier, both CS and 
B15C5 possess poor mechanical properties despite their remarkable potential in 
adsorbing both heavy metal ions and organic pollutants. Therefore, to improve their 
mechanical properties, they have to be blended with biopolymers which possess superior 
mechanical properties. Since CEL is known to possess superior mechanical properties, it 
is therefore expected that blending either CS or B15C5 with CEL would result in a 
composite with better mechanical properties, and the mechanical properties of the 
composite should correlate positively with the concentration of CEL. As illustrated in 
Figure 2-15, increasing the percentage loading of CEL in either [CEL+CS] or 
[CEL+B15C5] resulted in a concomitant increase in the tensile strength of the resultant 
composite. For example, adding 80% CEL to CS resulted in a 5X increase in the tensile 
strength of 80:20 CEL:CS (72±5 MPa) compared to that of 100% CS (12±4 MPa). 
Similarly, adding CEL to B15C5 increased the tensile strength of the resultant 
[CEL+B15C5] composite. However, it is worthwhile to mention that attempts to make 
[CEL+B15C5] composites containing less than 50% CEL were unsuccessful because the 
films were too weak to be used in any practical application. Therefore, only films 
containing at least 50% CEL were prepared. Adding 50% CEL to B15C5 resulted in a 
film composite with 29±5 MPa tensile strength. As more and more CEL was added to 
B15C5, the tensile strength increased. For example; the tensile strengths of 
[CEL+B15C5] composites containing 80% and 90% were found to be 47±5 MPa and 
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54±4 MPa respectively. The tensile strength of [CEL+CS] increased at a faster rate than 
that of [CEL+B15C5]. For example, increasing the concentration of CEL from 60% to 
80% in [CEL+CS] and CEL+B15C5] resulted in a 74.4% and a 24% increase in tensile 
strength respectively. This can be rationalized by the similarity in chemical structures 
between CEL and CS than between CEL and B15C5. Essentially, the only difference 
between CEL and CS is that CS has an amine group at C-2 whilst the CEL has hydroxyl 
groups instead. These similar structures enable the formation of favorable intermolecular 
hydrogen bonding between CEL and CS than between CEL and B15C5 thus 
strengthening the resultant composite films in the former composite.  
We also evaluated the tensile properties of film composites made from CS and 
B15C5, [CS+B15C5]. With its film forming capability, CS is expected to improve the 
mechanical properties of its composite with B15C5. Although there was some 
improvement in the mechanical properties of [CS+B15C5], these were very minor 
considering the effect caused by CEL. For example, 80:20 CS:B15C5 had a tensile 
strength of 26±5 MPa whilst 80:20 CEL:B15C5 had a tensile strength of 47±5 MPa. 
However, the combination of CS and B15C5 is expected to be superior in terms of 
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adsorption of both heavy metal ions and organic pollutants.
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Figure 2-15 Tensile strength properties of [CEL+CS] (red triangles), [CEL+B15C5] 
(black squares), and [CS+B15C5] (purple diamonds). 
In summary, XRD, UV Vis, FT-IR and SEM results presented clearly indicate 
that supramolecular composite materials containing various proportions of CEL, CS, and 
B15C5 were successfully synthesized using BMIm+Cl- as the sole solvent. Since the 
majority of BMIm+Cl- was recovered for reuse, this method is deemed to be recyclable. 
In addition, adding CEL to the composites substantially increased the mechanical 
properties of the corresponding composites. Since CEL has retained its superior 
mechanical properties even after its incorporation in [CEL+CS] and [CEL+B15C5], it is 
also expected that both CS and B15C5 may retain their desirable properties. Specifically, 
82 
composites containing either CS or B15C5 may be good adsorbents for organic and 
inorganic pollutants (from CS) and selectively form stable complexes with heavy metal 
ions (from B15C5). In the following sections, we present our investigations of the 
capability of these composites to adsorb heavy metal ions (Cd2+ and Zn2+) and endocrine 
disruptor (3,4,5-trichlorophenol).  
2.4.3. Applications of Composite Films 
2.4.3.1. Effect of pH on the adsorption of heavy metal ions (Cd2+ and Zn2+). 
It is well known that pH is one of the important factors which affect chemical 
interactions between the binding of the adsorbent and the adsorbate. Experiments were 
designed to investigate the effect of pH on the adsorption of heavy metal ions. It was not 
possible to investigate the entire range of pHs, because of limitations on samples. For 
example, in our preliminary studies, we found out that [CS+B15C5] and 100% CS were 
unstable in acidic conditions. Specifically, 100% CS and [CS+B15C5] films dissolved 
completely in solutions of pH 2.0. This is hardly surprising since CS possess amine 
groups which can easily get protonated and therefore become soluble at this pH. On the 
other hand, Cd (II) and Zn(II) solutions formed precipitates at pH 8.5 and 7.6 
respectively. In addition, although initially the solutions of Cd(II) and Zn(II) at pH 8.0 
and 7.1 respectively appeared to be stable, they formed precipitates during the 
measurements. As a result of these limitations, we carried out our investigations at pH 3.9 
and 6.0 (for Cd2+) and pH 1.9 and 6.0 (for Zn2+). We used 50:50 CS:B15C5 sample for 
adsorption of Cd2+ and 50:50 CEL:B15C5 for adsorption of Zn2+. After fitting data to 
pseudo second order, qe values were obtained. The rationale for using pseudo second 
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order model was based on better coefficient of determination (R2) and MSC values than 
pseudo first order model fitting (vide infra). Specifically, pseudo first order fits gave R2 
and MSC values in the range 0.7481-0.9937 and 0.0453-4.4040 respectively. However, 
pseudo second order fits gave higher values of both R2 and MSC which were in the range 
0.9831-0.9998 and 3.6573-7.7901 respectively. It was found that adsorbent efficiency of 
these composite films were more superior at pH 6.0 than at lower pHs (i.e. pH 3.9 for 
[CS+B15C5] and pH 1.9 for [CEL+B15C5]). Specifically, whereas [CS+B15C5] 
adsorbed 363±10 µmol Cd2+ per g of film at pH 6.0, the same film adsorbed only 112±6 
µmol of Cd2+ per g of film at pH 3.9. The film containing 50:50 CEL:B15C5 adsorbed 
233±6 µmol Zn2+ per g film at pH 6.0. However, reducing the pH of Zn (II) solution to 
1.9 decreased the qe value to 40.6±0.2 µmol Zn
2+ per g of film. This may be due to the 
fact that CS has a pKa value of 6.4, and thus at lower pHs (3.9 in this case), most of the 
amine groups are protonated thereby inhibiting the interactions between these amine 
groups and the metal ions. In addition, the oxygen atoms in B15C5 are probably 
coordinated to protons at lower pH leading to a subdued adsorption performance. 
Furthermore, the hydroxyl groups in CEL may also be protonated in the acidic solution. 
In view of these results, we conducted all subsequent experiments at pH 6.0 for the 
adsorption of either Cd2+ or Zn2+.  
2.4.3.2. Kinetics of adsorption of cadmium (II) ions 
The adsorption of Cd2+ at various time points were calculated using the mass 
balance equation (Eq. 2.15) and the results were then graphed. Typical results of such 
plots are shown in Figure 2-16, Figure 2-17, and Figure 2-18. As illustrated, all the series 
follow the same general trend. Essentially, these series can be subdivided into three 
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regions; the region when the rate of adsorption appears to be constant, followed by a 
slowdown in the rate of adsorption and lastly a region where there is no change in the 
amount adsorbed. These results suggest that these composite films indeed adsorb Cd2+. 
This was also the case with adsorption of Zn2+ (vide infra). To precisely compare the 
efficiency of these composites towards the adsorption of Cd2+ (and Zn2+), these kinetics 
data were then fitted to both pseudo first order and pseudo second order models. 
Goodness of fit of these models were determined based on the values of coefficient of 
determination, R2 and model selection criteria, MSC. These analyses resulted in qe 
values, k1 value for pseudo first order, k2 for pseudo second order models, R
2 and MSC 
values for both of these models (Table 2-1). In all cases, both R2 and MSC values were 
higher for pseudo second order than for pseudo first order model. This suggests that 
pseudo second order model describe well the kinetics of adsorption of Cd2+ onto the 
composites investigated in this study. This was also the same case with the adsorption of 
Zn2+ and 2,4,5-TCP. 
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Figure 2-16 Non-linear Pseudo second order fitting for kinetics of Cd2+ adsorption onto 
composite films containing various proportions of CS and B15C5. 
 
Figure 2-17 Linear Pseudo second order fitting for kinetics of Cd2+ adsorption onto 
composite films containing various proportions of CS and B15C5. 
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Figure 2-18 Linear Pseudo first order fitting for kinetics of adsorption onto composite 
films containing various proportions of CS and B15C5. 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 25 50 75 100 125 150 175 200
lo
g(
q
e
-q
t)
time / minutes
CH100 CH90B15C5 CH80B15C5 CH70B15C5
CH60B15C5 CH50B15C5 CH40B15C5
87 
Table 2-1 Kinetic Parameters for Adsorption of Cadmium onto CS100, [CS+B15C5], [CEL+B15C5] and [CS+CEL]. 
 
% Component  Pseudo First-Order Kinetic Model Pseudo Second-Order Model 
CS CEL B15C5 qe, expt 
(µmol/g) 
qe, calc 
(µmol/g) 
K1 *103 
(min-1) 
 
R2 MSC qe, calc 
(µmol/g) 
K2 
(g.µmol 
min-1) 
 
R2 MSC 
100   104 98±4 4.2±0.4 0.9729 2.9496 104±4 0.058±0.004 0.9971 4.8337 
90  10 306 270±40 41±6 0.9612 2.2493 345±10 0.19±0.06 0.9887 4.1225 
80  20 373 270±50 22±3 0.9075 1.8804 394±7 0.16±0.03 0.9966 5.3963 
70  30 347 330±60 15±2 0.9420 2.2754 423±20 0.040±0.006 0.9831 3.6573 
60  40 268 210±50 45±7 0.9362 1.9520 436±10 0.062±0.008 0.9926 4.6257 
50  50 350 280±90 41±8 0.8923 1.4282 363±10 0.3±0.1 0.9922 4.4585 
40  60 306 300±100 58±8 0.9445 2.0910 333±10 0.29±0.09 0.9891 5.1487 
            
 90 10 121 122±8 4.3±0.2 0.9910 4.2668 142±4 0.037±0.004 0.9923 4.4713 
 80 20 169 178±9 6.9±0.3 0.9937 4.4040 179±7 0.07±0.02 0.9899 4.1533 
 70 30 114 100±30 12±1 0.9699 2.5037 115±5 0.4±0.7 0.9921 4.2075 
 60 40 47 36±5 1.7±0.2 0.9397 2.1419 48±1 0.15±0.02 0.9985 5.7204 
 50 50 22 17±10 30±20 0.7481 0.0453 22.8±0.2 4±1 0.9998 7.7901 
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We, therefore used pseudo second order fitting results to evaluate the adsorption 
performance of each of 100% CS, 100% CEL, [CEL+CS], [CEL+B15C5], [CS+B15C5] 
and [CS+CEL+B15C5] composites. This was achieved by comparing the qe values 
obtained from this pseudo second order model fitting. As expected, 100% CS adsorbs up 
to 104±4 µmol Cd2+ per g of film. This may be due to the presence of amine groups 
which can form complexes with the heavy metal ions. Specifically, the lone pairs on 
nitrogen atom on ammine group interact via dative bonding with the positive charge on 
Cd2+. Conversely, 100% CEL could barely adsorb any Cd2+. These results can be 
rationalized by invoking the hard-soft acid-base (HSAB) theory. This theory suggests that 
soft acids tend to form stronger complexes with soft bases, and hard acids interact more 
strongly with hard bases. In this particular case, Cd (II) is considered to be a soft acid. 
Whereas nitrogen (on –NH2) is considered to be a soft base, oxygen (on –OH of CEL) is 
considered to be a hard base. Accordingly, Cd (II) is expected to form stronger 
complexes with amine groups (on CS) than hydroxyl groups (on CEL) thereby explaining 
the higher qe value of CS than the qe value for CEL. 
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Table 2-2 Equilibrium sorption capacity (qe) values for adsorption of Cd
2+ onto 
[CEL+CS], [CEL+B15C5], [CS+B15C5] and [CS+CEL+B15C5] composites as 
determined by pseudo second order fitting to kinetics data. 
 
Cellulose Chitosan B15C5 Cadmium 
   qe *106 
mol g-1 
100   Not 
detected 
80 20  23.0±0.2 
71 29  98±3 
60 40  110±10 
50 50  91±4 
20 
 
80 
100 
 110±6 
104±4 
90  10 142±4 
80  20 179±7 
70  30 115±5 
60  40 48±1 
50  50 22.8±0.2 
 90 10 345±10 
 80 20 394±7 
 70 30 423±20 
 60 40 436±10 
 50 50 363±10 
 40 60 333±10 
30 20 50 250±4 
20 50 30 245±4 
35 35 30 342±8 
50 20 30 161±2 
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Figure 2-19 3D plot of the amount of Cd2+ adsorbed at equilibrium (qe) as a function of 
CEL, CS, and B15C5 loading in [CEL+CS], [CEL+B15C5], [CS+B15C5] and 
[CS+CEL+B15C5] composites. This plot was generated using qe values obtained by 
pseudo second order fitting in Table 2-2. 
The data in Table 2-2 was then used to construct a 3D graph in order to see 
clearly the effect of composition of films on the amount of Cd2+ adsorbed at equilibrium, 
qe. Specifically, qe was plotted as a function of the composition of [CS+B15C5], 
[CS+CEL] and [CEL+B15C5] films (Figure 2-19). As illustrated, adding B15C5 to CS 
substantially increased the adsorption efficiency of the resultant [CS+B15C5] composite 
films. For example, adding just 10% B15C5 to CS enhanced the qe value by at least 3X 
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compared to the qe value for 100% CS (qe values for 90:10 CS:B15C5 and 100% CS 
were found to be 345±10 µmol per g film and 104±4 µmol per g film respectively). This 
enhancement suggests that B15C5 retains its desirable selective complexation properties 
even after being encapsulated in the biopolymer matrix. This trend was maintained until 
it peaked at 436±10 µmol per g [CS+B15C5] when 40% B15C5 was added to CS (i.e. 
60:40 CS:B15C5 film). Beyond this level of B15C5 concentration, the efficiency 
decreased but still remained substantially higher than the efficiency of 100% CS. For 
example, the lowest qe value of 333±10 µmol per g film was obtained with 40:60 
CS:B15C5 composite film which is at least 3X higher than the qe value obtained with 
100% CS. The decrease in efficiency can be attributed to the poor rheological properties 
of [CS+B15C5] at higher B15C5 loading. This is corroborated by poor mechanical 
properties of [CS+B15C5] at B15C5 loading of at least 50%. For example, 50:50 
CS:B15C5 had the lowest tensile strength. In addition, the tensile strength of 60:40 
CS:B15C5 was too low to be measured precisely.  
The effect of B15C5 was also observed in [CEL+B15C5] composite films. 
Although CEL by itself could barely adsorb any Cd2+, addition of B15C5 to this 
biopolymer substantially enhanced the efficiency of adsorption of this pollutant. For 
example, adding 10% B15C5 to CEL resulted in adsorption of up to 142±4 µmol Cd2+ 
per g of film. Interestingly, the effect of B15C5 was more than that of CS. For example, 
[CEL+B15C5] containing 20% B15C5 adsorbed up to 179±7 µmol Cd2+ per g of film. 
This is at least 7X higher than the amount adsorbed by one g of [CS+CEL] composite 
film containing 20% CS. Although CS contain softer ligands (from amine groups) than 
B15C5 (from oxygen atoms), the chelate effect seems to have greater effect than the 
92 
HSAB effect. This is hardly surprising because compared to CS, B15C5 has 5 oxygen 
atoms which can form relatively more stable complexes with Cd(II) ions. However, at 
higher B15C5 loading in CEL (i.e. 50% and 60%), the efficiency of [CEL+B15C5] 
became inferior to that of [CS+CEL] containing an equivalent composition (i.e. 50% and 
60% CS). For example, one g of 40:60 CS:CEL adsorbed almost 2.3X more Cd2+ than 
that adsorbed by an equivalent weight of 40:60 B15C5:CEL (Table 2-2). This may be due 
to the poorer mechanical properties of [CEL+B15C5] than those of [CS+CEL] 
composites.  
Interestingly, CS and B15C5 exhibited synergistic adsorption of Cd2+ from water. 
This was confirmed by comparing the qe values of [CS+B15C5] with the algebraic sum 
of qe values of [CS+CEL] and [CEL+B15C5]. This was because 100% CEL was found to 
not adsorb any Cd2+. Thus, any adsorption of Cd2+ by [CS+CEL] and [CEL+B15C5] 
composites was attributed solely to CS and B15C5 respectively. For example, one g of 
80:20 CS:CEL and one g of 80:20 CEL:B15C5 adsorbed 110±6 µmol and 179±7 µmol 
Cd2+ respectively. The algebraic sum of these qe values (i.e. 289±9 µmol) is expected to 
be equal to the amount adsorbed by 80:20 CS:B15C5 if these two components CS and 
B15C5 contribute independently towards the adsorption of this pollutant. However, the qe 
value for 80:20 CS:B15C5 was found to be 394±7 µmol Cd2+ which is substantially 
higher than the predicted qe value based on the algebraic sum (i.e. 289±9 µmol). 
Similarly, a qe value of 363±10 µmol found for 50:50 CS:B15C5 is at least 3X higher 
than the predicted 113.8±4 µmol (obtained by adding 22.8±0.2 µmol and 91±4 µmol for 
50:50 CEL:B15C5 and 50:50 CS:CEL respectively). Essentially, all [CS+B15C5] 
composites adsorbed much higher-than-predicted amounts of Cd2+. These results suggest 
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that CS and B15C5 interact synergistically to adsorb much higher amounts of Cd2+. It is 
highly likely that Cd2+ might form a ‘perched’ complex with B15C5 ligand. Specifically, 
Cd2+ is slightly raised above the plane formed by the five oxygen atoms of B15C5 and 
coordinate to them through dative bonding. Then, nitrogen atom of the amino group of 
CS coordinates this same Cd (II) ion from the top thus forming a pseudo octahedral 
structure. Such complexes are known to be more stable than the complexes formed 
through either coordination to five oxygen atoms of B15C5 or coordination with only 
amino groups of CS. 
An ideal composite is expected to possess properties such as higher adsorption 
and good mechanical properties. To package these properties into one composite, we 
synthesized three-component composites containing various relative amounts of CEL, CS 
and B15C5. We expected that the resultant composite would possess superior mechanical 
properties (from CEL) and synergistic adsorption of heavy metal ions (Cd2+). The results 
of adsorption of this metal ion by such composites are presented in Table 2-2. Although 
these composites adsorbed less Cd2+ than adsorbed by [CS+B15C5], these amounts are 
still satisfactory for practical use. For example, one g of 35:35:30 CS:CEL:B15C5 could 
adsorb up to 342±8 µmol Cd2+ which is similar to 345±10 µmol adsorbed by an 
equivalent weight of 90:10 CS:B15C5. These results further reaffirm that the desirable 
properties of the constituents of these composite films are retained even after blending 
them together.
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Table 2-3 Equilibrium sorption capacity (qe) values for adsorption of Cd
2+ onto [CS+B15C5], [CS+DB15C5], [CS+B18C6], and 
[CS+DB18C6] composite films. 
Chitosan B15C5  
 
DB15C5  B18C6 
 
DB18C6  
qe 
µmol/g K *10³ R2 MSC 
% 
Adsorbed 
               
90   10     285±9 0.065±0.006 0.9937 4.4950 12.8 
70   30     195±6 0.08±0.01 0.9953 4.7812 8.76 
60   40     294±7 0.18±0.03 0.9976 5.3609 13.2 
40       60 26.5±0.6 2.3±0.3 0.9976 5.3827 1.19 
50       50 460±10    0.020±0.003  0.9888   4.2692   20.47    
70       30 85±2 0.16±0.02 0.9971 5.3868 3.82 
50     50   114.0±0.7 0.8±0.2 0.9994 7.2486 5.12 
60     40   359±4 0.053±0.004 0.9970 5.6719 16.16 
70     30   306±4 0.08±0.01 0.9969 5.5670 13.75 
90 10       345±10 0.19±0.06 0.9887 4.1225 15.52 
70 30       423±20 0.040±0.006 0.9839 3.6573 19.02 
60 40       436±10 0.062±0.008 0.9926 4.6257 19.59 
50 50       363±10 0.3±0.1 0.9922 4.4585 16.34 
40 60       333±10 0.29±0.09 0.9891 5.1487 14.98 
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Attempts were also made to compare the effects of other crown ethers (i.e. 
DB15C5, DB18C6, B18C6) in the adsorption of cadmium ions. The results, as 
determined by fitting kinetics data to pseudo second order model are presented in Table 
2-3. As illustrated, CS-based composites containing B15C5 adsorbed the highest amounts 
of Cd2+ as compared to those containing the other crown ethers. This can be rationalized 
by considering the cavity sizes of these crown ethers. Whereas B15C5 and DB15C5 have 
the same cavity size of 1.7-2.2 Å, B18C6 and DB18C6 both have a cavity size of 2.6-3.2 
Å.75 Since the size of Cd2+ (1.94 Å)76 closely matches the size of both B15C5 and 
DB15C5, it is expected that more stable complexes are formed between this ion and these 
crowns. This is why all composites containing B15C5 adsorbed more Cd2+ than 
composites containing 18C6-based crown ethers. For example, 70:30 CS:B15C5 
adsorbed up to 423±20 µmol Cd2+ which is substantially higher than the 306±4 µmol 
adsorbed by 70:30 CS:B18C6 composite. Similarly, 70:30 CS:DB15C5 adsorbed 195±6 
µmol which is also substantially higher than 85±2 µmol Cd2+ adsorbed by 70:30 
CS:DB18C6. In addition, the number of substituents attached to the crown ring had an 
effect on the efficiency of adsorption. Essentially, for similar crown ring sizes, all singly 
benzo-substituted CR-based composites adsorbed more Cd2+ than the Cd2+ adsorbed by 
dibenzo-substituted composites. For example, whilst 90:10 CS:B15C5 adsorbed 345±10 
µmol, 90:10 CS:DB15C5 adsorbed only 285±9 µmol Cd2+ per g of film. These results 
suggest that, in addition to the crown ring size, other factors such as substituent effects 
also affect the adsorption efficiency of these CR-based composites. The phenyl group is 
known to decrease the electron density on ethereal oxygen atoms in crown ring thereby 
weakening the interactions between the crown ether and the metal ion. Thus, this 
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deactivating effect is expected to be more pronounced in dibenzo-crown ether than in 
benzo-crown ether of similar crown ring size. In addition, the benzo groups reduce the 
flexibility of the crown ether ring. Thus, the size of benzo-crown ether is expected to 
adjust slightly to accommodate the metal ion whereas the size of dibenzo-crown ether is 
expected to remain fixed. 
2.4.3.3.Kinetics of adsorption zinc (II) ions 
After showing that our composites could adsorb Cd2+, we extended their 
applications by investigating their capability to adsorb another heavy metal ion, Zn2+. 
Similarly to the fitting of kinetics of adsorption of Cd2+, kinetics of adsorption of Zn2+ 
fitted well to the pseudo second order model (Table 2-4). Thus, we used qe values 
obtained by fitting data to this model to compare the efficiencies of the composite films. 
Interestingly, while 100% CEL could not adsorb any Cd2+, it could adsorb up to 46±1 
µmol Zn2+ per g of film. On the other hand, 100% CS adsorbed more Cd2+ than Zn2+. 
This is hardly surprising because Zn is a harder acid than Cd. Thus, the harder oxygen 
atoms on hydroxyl groups on CEL interact more favorably with Zn than with Cd.  
Interestingly, [CEL+B15C5] also exhibited some level of synergistic adsorption 
of Zn (II) ions. For example, one g of 100% CEL and 50:50 CS:B15C5 adsorbed 46±1 
and 123±3 µmol Zn2+ respectively. Thus, 50:50 CEL:B15C5 is expected to adsorb 169±3 
µmol (= (46±1)+( 123±3)) of Zn2+. However, it turns out that this composite film could 
adsorb a substantially higher amount of Zn (II) (i.e. 233±6 µmol) than this predicted 
amount. Furthermore, [CS+CEL] composites also exhibited synergy in adsorbing Zn2+. 
For example, qe value for 50:50 CS:CEL was found to be 178±4 µmol which is much 
higher than the 46±1 µmol which is adsorbed by 100% CEL, assuming that CS does not 
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adsorb any Zn2+. All these observations can be rationalized by the hard soft acid base 
theory. 
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Table 2-4 Kinetic parameters for adsorption of Zn2+ onto [CEL+B15C5], [CS+B15C5], and [CS+CEL] composite films. 
% Component  Pseudo First-Order Kinetic Model Pseudo Second-Order Model 
CS CEL B15C5 qe, expt 
(µmol/g) 
qe, calc  
(µmol/g) 
K1 *103 
(min-1) 
 
R2 MSC qe, calc  
(µmol/g) 
K 
(g.µmol 
min-1) 
 
R2 MSC 
70  30 156 80±60 3.2±0.8 0.7845 0.8680 157±5 0.4±0.6 0.9941 4.6338 
50  50 120 90±20 11±2 0.8997 1.6326 123±3 0.3±0.2 0.9952 4.8432 
 100  45.6 20±8 2.5±0.7 0.7728 0.8152 46±1 0.6±0.2 0.9983 5.7102 
50 50  165 130±70 4.2±0.9 0.7842 1.0333 178±4 0.05±0.01 0.9928 4.3614 
67 33  208 200±40 9.1±0.9 0.9518 2.4611 239±8 0.041±0.005 0.9950 4.7255 
70 30  179 160±10 16±1 0.9635 2.9473 186±3 0.16±0.02 0.9962 5.2741 
30 70  341 360±70 25±3 0.9287 2.1415 349±5 0.2±0.1 0.9973 5.6424 
 50 50 211 180±33 4.0±0.5 0.9383 2.1187 233±6 0.035±0.006 0.9956 4.9386 
 70 30 43.6 34±4 19±2 0.9684 2.7872 45.0±0.3 1.2±0.1 0.9998 7.9132 
40  60 197 90±30 1.5±0.4 0.5996 0.4709 190±9 0.3±0.1 0.9715 3.4745 
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2.4.3.4.Adsorption isotherm results 
Figure 2-20A, B, and C report the plots of ee qC versus eC , eqlog versus eClog
and eqln versus 
2 for Langmuir, Freundlich and D-R isotherms respectively. As 
illustrated in this Figure 2-20 and Table 2-5, equilibrium data for Cd (II) adsorption onto 
both composites, 100% Cs and 50:50 CS:B15C5, fit very well to each of the three 
isotherm models with the coefficients of determination lying in the range 0.9165 to 
0.9958. Langmuir model fitted better to the adsorption of Cd (II) onto 100% CS (R2 = 
0.9922) than adsorption onto 50:50 CS:B15C5 (R2 = 0.9165). This is expected because 
100% CS is composed of one adsorbing component whereas 50:50 CS:B15C5 is 
composed of two adsorbing components, CS and B15C5. Therefore, we expect the 
surface sites on 100% CS to exhibit equal adsorption affinity towards Cd (II) ions. The 
values of LR for Langmuir fitting to adsorption of Cd (II) onto both 100% CS ( LR
=0.6±0.2) and 50:50 CS:B15C5 ( LR =0.7±0.1) lie between zero and one suggesting 
favorable adsorption processes. Further insight could be obtained from the values of n
from Freundlich fittings. As shown in Table 2-5, n =1.4±0.1 for adsorption of Cd (II) 
onto each of the composite films, 100% CS and 50:50 CS:B15C5. This suggests that Cd 
(II) is adsorbed through physical interactions with the adsorbent sites. However, both 
Langmuir and Freundlich isotherm models cannot give an insight into the mechanism of 
adsorption. The mechanism can be obtained from D-R model fitting. From this model, 
the value of mean free energy, E , helps to distinguish between chemisorb and physisorb. 
This mean free energy can be calculated using the relation:   5.02  E .21 Mean free 
energy is basically the energy required to overcome the attractive force between the 
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adsorbate species and the adsorbent site. A value of E lying between 8 and 16 kJ/mol is 
indicative of chemisorb whilst a value of E lying below 8 kJ/mol is indicative of 
physisorb.77 As illustrated in Table 2-5, E values are below 8 kJ/mol for adsorption of Cd 
(II) onto 100% CS (6.8±0.1 kJ/mol) and 50:50 CS:B15C5 (6.5±0.5 kJ/mol) suggesting 
that the adsorption was physisorb in both cases. 
Table 2-5 Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters for 
adsorption of Cd2+ onto 100% CS and 50:50 CS:B15C5 composite films 
Langmuir isotherm 
 qmax(µmol/g) KL (L/µmol) R2 
100% CS 800±40  101±6  0.9922  
50:50 CS:B15C5  2,200±300  52±9  0.9165 
Freundlich isotherm 
 n KF 
(mol/g)(L/mol)1/n 
R2 
100% CS 1.4±0.1  10.3±0.3  0.9752  
50:50 CS:B15C5  1.4±0.1  20±5  0.9773 
Dubinin-Radushkevich isotherm 
 qmax(µmol/g) E (kJ/mol) R2 
100% CS  1,700±100 6.8±0.1  0.9958  
50:50 CS:B15C5  3,500±600  6.5±0.5  0.9697 
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Figure 2-20 Langmuir (A), Freundlich (B) and Dubinin-Radushkevich (C) isotherms for 
the adsorption of Cd2+ onto 100% CS (black diamonds) and 50:50 CS:B15C5 (red 
squares). 
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2.4.3.5. Kinetics of adsorption of 2,4,5-trichlophenol, an endocrine disruptor 
Endocrine disruptors such as chlorophenols are ubiquitous in wastewaters due to 
their use in agriculture as biocides. They adversely interfere with the normal functioning 
of the hormonal systems of mammals. They are eventually washed into waterways during 
rain. Thus, there is need to design better adsorbents for these toxic substances. In this 
study, we sought to widen the applications of our composite films by exploring their 
adsorption capacity towards 2,4,5-trichlorophenol. As was the case with the heavy metal 
ions (Cd2+ and Zn2+), pseudo second order model appears to describe the kinetics of 
adsorption of 2,4,5-TCP better than pseudo first order model. Thus, it is plausible to use 
CS-based composites to adsorb 2,4,5-TCP. As shown in the Table 2-6, 100% CS 
adsorbed up to 32.3±0.2 µmol per g of film. Reducing CS content in the composites led 
to a reduction in the amount of 2,4,5-TCP adsorbed. For example, adding 80% CEL to 
CS led to an almost 6X reduction in the amount of 2,4,5-TCP adsorbed per g of film. 
Essentially, the amount of 2,4,5-TCP adsorbed by these composites correlates positively 
with CS loading in the composite. Furthermore, adding B15C5 to the composites does 
not seem to have any effect on the adsorption of this organic pollutant. For example, 
50:20:30 CS:CEL:B15C5 adsorbed up to 23.75±0.09 µmol of 2,4,5-TCP which is similar 
to 24.76±0.07 µmol which is adsorbed by 50:50 CS:CEL. Similarly, 20:30:50 
CS:CEL:B15C5 adsorbed 16.1±0.1 µmol 2,4,5-TCP which is similar to 14.34±0.03 µmol 
adsorbed by 20:80 CS:CEL. These results clearly suggest that the adsorption of the 
organic pollutant is due solely to CS. These results are hardly suprising because 2,4,5-
TCP is known to interact with CS through amino groups.45 Since CEL and B15C5 lack 
these groups, they may not form any complexes with these species. 
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Table 2-6 Equilibrium sorption capacity (qe) values for adsorption of 2,4,5-TCP onto 
[CS+CEL], [CS+B15C5], [CEL+B15C5] and [CS+CEL+B15C5] composite films. 
Cellulose Chitosan B15C5 2,4,5-TCP 
   qe *106 mol g-1 
    
100   5.40±0.08 
80 20  14.34±0.03 
71 29  15.09±0.02 
60 40  21.68±0.06 
50 50  24.76±0.07 
33 67  27.0±0.2 
40  60 5.97±0.03 
 100  32.3±0.2 
30 20 50 16.1±0.1 
20 50 30 23.75±0.09 
 
2.4.3.6. Intra-particle diffusion model 
We applied intra-particle diffusion modeling to our adsorption kinetics data to 
gain more insights into the mechanism of adsorption of these heavy metal ions (Cd2+ and 
Zn2+) and organic pollutant (2,4,5-TCP). The results are presented in Table 2-7 and 
graphs of qt against t
0.5 are presented in Figure 2-21. Generally, there are two stages of 
adsorption for each of the three adsorbate species. The first linear portion corresponds to 
the earlier stage when the adsorbate species are rapidly transported to the surface of the 
adsorbent where they instantaneously get adsorbed onto the available adsorption sites. 
This stage is characterized by a rate constant, kip,1. Subsequent to this stage, there is a 
much slower stage characterized by the rate constant, kip,2. As more and more sites on the 
outer surface of the adsorbent get used up, the adsorbate species have to move further 
into the pores of adsorbent. This diffusion is very slow, thus kip,2 is always slower than 
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kip,1. For example, kip,1 for 50:50 CS:B15C5 was calculated to be 22±1 µmol g
-1 min-0.5 
whilst kip,2 was calculated to be at less 3.4X less than kip,1 (i.e. 3.4±0.2 µmol g
-1 min-0.5) . 
Interestingly, both kip,1 and  kip,2 obtained for both Cd
2+ and Zn2+ adsorption were at least 
an order of magnitude higher than those obtained for adsorption of 2,4,5-TCP. This is 
hardly surprising since the metal ions are much smaller than 2,4,5-TCP, thus the metal 
ions can diffuse faster than the organic pollutant.  
Table 2-7 Intra particle diffusion model rate constants for adsorption of Cd2+, Zn2+ and 
2,4,5-trichlorophenol (2,4,5-TCP) onto composite materials. 
Intra-Particle Diffusion Model Parameter Values for Cd2+ and Zn2+ Adsorption 
 k1 (µmol/g.min1/2) k2 (µmol/g.min1/2) 
CS50B15C5 for Cd2+ 22±1 3.4±0.2 
CS50B15C5 for Zn2+ 7.3±0.4 2.6±0.3 
CEL50B15C5 for Cd2+  1.66±0.09 
CEL50B15C5 for Zn2+ 8±1 0.7±0.2 
CS100 for Cd2+   5.3±0.5 
   
Intra-Particle Diffusion Model Parameter Values for 2,4,5-Trichlorophenol Adsorption 
 k1 (µmol/g.min1/2) k2 (µmol/g.min1/2) 
CS100 2.5±0.1 0.77±0.06 
CEL100 0.68±0.02 0.135±0.005 
CEL40B15C5 0.52±0.05 0.049±0.001 
CEL30CS20 B15C5 50 1.25±0.04 0.32±0.03 
CEL20CS50B15C5 30 1.50±0.03 0.54±0.02 
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Figure 2-21 Intra particle diffusion plots for adsorption of (A) Cd2+ and Zn2+, and (B) 
2,4,5-trichlorophenol onto composite materials. 
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2.4.3.7. Reusability of composite films 
One of the most economical benefit of the adsorbents is their ability to be reused 
for further adsorption experiments. Interestingly, our composites retained their adsorption 
performance for adsorbing the heavy metal ions (Cd2+ and Zn2+) and 2,4,5-TCP. For 
example, one g of 50:50 CS:B15C5 adsorbed up to 363±10 µmol of Cd2+ when used for 
the first time. After desorption, this same film could adsorb up to 380 µmol Cd2+. 
Similarly, whereas 233±6 µmol Zn2+ was adsorbed by 50:50 CEL:B15C5 when used for 
the first time, up to 267±3 µmol of this same ion were adsorbed when this film was used 
for the second time.  
Figure 2-22 shows the plot of qt against time for the two cycles of adsorption of 
2,4,5-TCP by 20:30:50 CS:CEL:B15C5. This figure clearly shows that the adsorption 
profiles for both the first adsorption cycle and the second adsorption cycle are very 
similar. After fitting the data to pseudo second order model, it was found out that 
20.46±0.06 µmol and 20.4±0.1 µmol of 2,4,5-TCP were adsorbed during the first and the 
second cycles respectively. 
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Figure 2-22 Plot of qt of adsorption of 2,4,5-trichlorophenol (2,4,5-TCP) as a function of 
time by 20:30:50 CS:CEL:B15C5 composite films. Black curve with solid triangle 
markers is for first adsorption cycle using freshly prepared films. Red curve with open 
circle markers is for second adsorption cycle i.e. adsorption by films after desorbing 
2,4,5-TCP that had been adsorbed during the first cycle. 
2.5. Conclusions 
In summary, we successfully synthesized novel composites containing CS, CEL 
and various crown ethers. Interestingly, these composites retained the native properties of 
their constituents namely, superior mechanical properties (from CEL), excellent 
adsorbent capability for heavy metal ions (from crown ethers) and pollutants (from CS). 
More importantly, these polysaccharides interacted synergistically with crown ether to 
enhance their adsorption capability for heavy metal ions Zn and Cd. Interestingly, these 
crown ethers showed size selectivity between these two heavy metal ions. In addition, our 
composites can be regenerated and reused with similar their adsorption efficiency. 
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CHAPTER 3 
SYNTHESIS, CHARACTERIZATION AND APPLICATION OF 
RESORCINARENE-BASED POLYSACCHARIDE COMPOSITE MATERIALS 
FOR THE SELECTIVE ADSORPTION OF AROMATIC ORGANIC 
POLLUTANTS 
3.1. Background 
 
Figure 3-1 X-ray structure of resorcinarene showing its crown conformation (based on 
coordinates from ref. 1),1 which is mostly suited to form inclusion complexes with guest 
species of complementary structure and size. Ortep 3 software was used to draw this 
structure.2   Red, black and green spheres represent oxygen, carbon and hydrogen atoms. 
Some H-atoms and all undecyl chains have been omitted to ensure clarity of presentation. 
Broken lines show Intramolecular H-bonds formed between oxygen atom from one 
resorcinol moiety and hydrogen atom from an adjacent resorcinol moiety in the same 
RES structure. 
Macrocycles such as resorcinarenes (RES), calixarenes, cyclodextrins, and crown 
ethers continue to receive increasing attention due to their ability to form inclusion 
complexes with organic and inorganic species.3 Amongst these macrocycles, RES (a 
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cyclic tetramer synthesized by reacting resorcinol and an aldehyde) represents a 
fascinating class worthy to study. RES possesses a cavity formed by the four resorcinol 
moieties, which enable it to form inclusion complexes with guest species of size and 
shape complementary to that of the inner part of the cavity (Figure 3-1). Thus, the shapes 
and sizes of guest species are bound to affect the stability of their complexes with RES. 
In addition to this size-fit requirement, the conformation of the macrocycle also affects 
the stability of the complexes. For example, RES can exist in five different 
conformations; crown, boat, chair, diamond, and saddle conformations.4 In most cases, 
the crown conformation (Figure 3-1) is most suited to sequester guest molecules of 
appropriate size into the cavity. As a result of these fascinating properties, RES has found 
applications in both supramolecular and analytical chemistry. In supramolecular 
chemistry, it has been used to design complexes which mimic the active site of enzymes 
thus enabling scientists to gain valuable insights into the nature of kinetics and selectivity 
of these enzymes.5,6 In analytical chemistry, RESs have been used in the separation of 
small organic molecules in reversed phase HPLC7 and gas chromatography,8 in selective 
extraction,9 and as carriers in polymer inclusion membranes (PIMs).10-12 In addition, 
RESs have recently been found to stabilize dispersions of nanoparticles in organic 
solutions.13 In all these applications, RES could form selective complexes with a variety 
of guest compounds (neutral and ionic). However, RES has rarely been used to adsorb 
organic pollutants. In this study, we explore the use of RES for the removal of organic 
pollutants from water. 
Although water is seemingly an abundant resource, in reality, fresh water suitable 
for human consumption is becoming scarcer due to pollution from industrial, agricultural 
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as well as domestic wastes. These wastes contain either organic or inorganic pollutants 
depending on the nature of the industrial activity being carried out. Organic pollutants 
such as phenolic and nitro-aromatic compounds are very ubiquitous in these industrial 
wastes as they are widely used as raw materials in various industries including dyes, 
explosives, pesticides, etc.14 Despite their utility in many industrial processes, these 
organic pollutants are highly toxic to living organisms including humans. For example, 
phenol, one of the priority listed pollutants, is highly toxic even at lower concentrations.15 
It imparts a bad taste and odor to the water. In addition, it is resistant to biodegradation. 
In the presence of chlorine in water, phenols are converted to chlorophenols which are 
implicated in disrupting the endocrine system. As a result of these harmful effects of 
phenols, Environmental Protection Agency (EPA) lowered the maximum allowable 
concentration of phenol in wastewaters down to 1 mg per L.16 Methyl derivatives of 
phenol (o-, m-, and p-cresol) have also been listed as stable, priority chemical pollutants 
because of their harmful effects to the biological systems.17 For example, whereas o-
cresol causes heart, liver and kidney damages, m-cresol is fatal if ingested or if it is 
absorbed through the skin.18 p-Cresol is a well-known uremic toxin which can easily bind 
to proteins thereby evading removal from blood during hemodialysis.19,20 In addition, p-
cresol can cause central nervous system disorders which result in death.17 Similarly to 
phenol and its derivatives, nitro-aromatic compounds (nitrobenzene, 1,2-, 1,3- and 1,4-
dinitrobenzene, o-, m-, and p-nitrotoluene) cause a variety of toxicological effects. As a 
result, they have also been listed as priority pollutants by the EPA.21-23 Thus, there is need 
to remove these pollutants from water before discharging it into the water ways. 
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A variety of techniques have been used to remove organic pollutants from water. 
These include, but not limited to, photocatalytic degradation over UV irradiated titanium 
dioxide, microbial degradation, and adsorption. Amongst these techniques, adsorption 
appears to be the most effective. However, most adsorbents including activated carbon, 
and other natural sorbents are non-selective in their adsorption of organic species from 
water. This is a huge limitation given that most aqueous waste contain not only the 
hazardous species but also the innocuous organics at much higher concentrations. 
Consequently, the adsorption capacity of these adsorbents is significantly reduced due to 
competition between the hazardous and the non-hazardous species. Thus, there is need to 
design selective adsorbents to enhance the capacity to remove more hazardous species. In 
addition, this selective adsorption will enable recovery of species for their subsequent 
reuse in valuable industrial processes.  
As described earlier, RES represent an interesting class of macrocycles which 
exhibit excellent selectivity towards binding specific guest species. Although it can 
selectively recognize of organic pollutants, its practical application is hindered by its 
inability to form films. As described in the previous Chapter, this limitation can be 
overcome by immobilizing RES in polysaccharide matrices. This has the advantage of 
making it easier to separate the pollutant-laden adsorbent from the aqueous solution. In 
addition, these polysaccharides (CEL and CS) are relatively abundant. Thus, the objective 
of the present study was to encapsulate RES in either CEL or CS matrix using a green 
solvent, ionic liquid to dissolve and regenerate the corresponding composite films. In 
addition, these composite films were evaluated for their ability to show adsorption 
selectivity towards positional isomers of cresol, toluene and dinitrobenzene. It is expected 
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that this study will provide more insights into the mechanism of selectivity of the RESs. 
Details are reported herein for the synthesis, characterization and utilization for the 
removal of phenolic and nitro-aromatic pollutants. 
3.2. Experimental 
3.2.1. Chemicals 
C-undecylcalix[4]resorcinarene monohydrate, phenol, o-cresol, p-cresol, 1,2-
dinitrobenzene, 1,4-dinitrobenzene were purchased from Sigma-Aldrich (Milwaukee, 
WI), m-cresol, 1,3-dinitrobenzene and p-nitrotoluene were purchased from Alfa Aesar 
(Ward Hill, MA). Nitrobenzene, o-nitrotoluene and m-nitrotoluene were obtained from 
Fisher Scientific (Springfield, NJ), Avocado Research Chemicals (Ward Hill, MA), and 
Acros Organics (Morris Plains, NJ) respectively. All the other chemicals—chitosan, 
cellulose, 1-butyl-3-methylimidazolium chloride, and double distilled water— used in 
this study are the same as the ones described in the previous Chapter 2. Scheme 3-1 
represents structures of these analytes used in the adsorption study. 
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Scheme 3-1 Structures of analytes used in the adsorption study 
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3.2.2. Synthesis of composite films 
The procedure described in the previous Chapter 2 for the synthesis of crown 
ether based composites was basically followed in the synthesis of RES-based composite 
films. All the steps have been presented schematically in Scheme 3-2. In brief, in the 
synthesis of two-component films, either CEL or CS was dissolved first in 1% portions 
followed by RES. RES dissolved within one hour of addition to the polysaccharide 
solutions. However, two hours were given to allow complete mixing between the either 
CEL or CS and RES. It should be pointed however that attempts were made to synthesize 
composites containing c-methylcalix[4]resorcinarene (MRES) without success. This was 
because during washing, this resorcinarene derivative leached into the aqueous washing 
solution. RES and this derivative differ in the length of the alkyl groups attached to the 
lower rim of the macrocycles. Whereas, RES contains undecyl (CH3(CH2)10-) groups, 
MRES contains methyl (CH3-) groups. Therefore, RES is expected to be more 
hydrophobic than MRES thereby lowering the aqueous solubility of the former.  
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Scheme 3-2 Synthesis of one-(CEL, and CS) and two-component ([CEL+RES] and 
[CS+RES]) films 
3.2.3. Characterization of composite films 
The composite films were characterized by FTIR, near IR, powder X-ray 
diffraction, scanning electron microcopy (SEM), solid state NMR. FTIR was performed 
on a Perkin Elmer 100 series spectrometer using KBr method. The scan range was 4000-
450 cm-1, the resolution was set at 2 cm-1. Sixty four spectra were scanned and averaged 
for each sample to optimize the signal to noise ratio. Near IR was measured in 
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transmission mode on a Nicolet 6700 FTIR series (Thermo Electric Corporation) 
equipped with a KBr beam splitter and an InGaAs room temperature detector. Each 
spectrum was recorded in the range 10,000-4000 cm-1 at resolution 2 cm-1 and averaged 
64 scans for each sample. To measure the spectrum of RES, the powder was ground and 
mixed with KBr before being pressed into a pellet which was subsequently presented for 
measurement. Powder XRD was performed on a Rigaku Miniflex II series diffractometer 
within the range 2-40° 2θ using Cu Kα radiation, 30 kV, 15 mA with a scan speed of 5° 
(2θ) per min. Data files from this measurement were then converted to a spreadsheet 
compatible format using Jade 8 program.24 SEM images were taken on a Hitachi S4800 
field emission SEM with beam energy 3 kV and at a working distance of 7.9-8.4 mm. 
Before taking the measurements, the samples were made conductive by applying a 2 nm 
thick iridium coating on the surface and cross sections of the specimens. Solid state 13C 
cross polarization magic angle spinning (CP-MAS) NMR spectra were recorded at 500 
MHz using a Bruker Avance III 500 MHz spectrometer. 
3.2.4. Procedure used to measure kinetics of adsorption of organics onto the 
composite films 
We followed the same procedure as described in the previous Chapter 2 for the 
measurement of kinetics of adsorption of organic pollutants. In brief, all organic solutes 
were dissolved in double distilled water to make 390 µM solution. Meanwhile, two films 
for each composition were being washed in water to remove any residual ionic liquid 
which could interfere with the UV Vis absorption measurements. Details on the washing 
of the films and the set-up for measurement of kinetics can be found in the relevant 
section in the previous Chapter 2. 
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3.2.5. Analysis of kinetics data 
Similar to the measurement of kinetics of adsorption in the previous Chapter 2, 
the amount of solute adsorbed up to each time point, qt, was calculated using the mass 
balance equation (i.e. WVCCq tot /])[(  ) where Co and Ct represent the concentration 
of solute at t=0 and t=t minutes respectively; V and W represent the volume of solution 
and weight of film respectively. Then this data was fitted to kinetics models; pseudo first 
order, pseudo second order, and the intra-particle diffusion models. Again, the details 
about the theoretical assumptions of these models can be found in the relevant section in 
the previous Chapter 2. However, only their final linearized expressions are presented in 
this section. 
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3.3. Results and Discussion 
3.3.1. Characterization by FTIR and NIR spectroscopy 
FTIR and NIR were used to investigate the chemical structural changes which 
take place on RES as it is blended with the polysaccharides (CEL and CS) (Figure 3-2A). 
As illustrated in the figure and in Table 3-1, the spectrum of RES powder exhibits unique 
bands at 1618- and 1505-cm-1 due to the vibrations of the aromatic C-H groups.25 There 
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is also a band at 1437 cm-1 which is due to the vibrations of the methine backbone in RES 
structure. This spectrum also exhibit bands at 2956-, 2922-, and 2853-cm-1, which could 
be tentatively assigned to the sp3 C-H stretch vibrations for the undecyl- groups. These 
sp3 C-H stretch vibrations are sensitive to the conformational order or disorder of the 
alkyl chains.26-29 A highly ordered chain structure is characterized by low values of 
υs=2850 cm-1 and υas=2918 cm-1, a higher degree of conformational disorder is 
characterized by higher values of υs=2856 cm-1 and υas=2927 cm-1. In this particular case, 
we observed vibrational frequencies that lie between these two extremes (i.e. υs=2853 
cm-1 and υas=2922 cm-1. This suggests that the packing of the alky groups is somewhat 
loose. This structure is more favored by the crown conformation of the macrocycle. In 
addition to these bands, there was another band appearing as a shoulder at 3492 cm-1. 
This band can be attributed to the OH stretch vibrations of the resorcinol groups in the 
macrocycle. The vibrational frequency of this vibrational mode is very sensitive to the 
nature of H-bonding within the structure of RES. These vibrational frequencies are 
assigned as follows: 3611 cm-1 for free OH groups; 3599 cm-1 for OH with oxygen acting 
as proton acceptor in H-bonding; 3481 cm-1 for OHs acting as proton donors in H-
bonding; and 3393 cm-1 for OH participating in two H-bonds that is both as proton 
acceptor and as proton donor.30 The vibrational frequency for RES powder (i.e. 3492 cm-
1) lies between the scenario where OH can act as either a proton acceptor or donor. This 
can be best explained by considering the crown conformation as the most dominant 
conformation in the structure of RES. In this conformation, OH groups of neighboring 
resorcinol groups on the same RES molecule participate in H-bonding with one being a 
proton donor and the other being a proton acceptor. However, these results are not very 
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conclusive as this RES powder contained one mole equivalent of remnant water. This 
water could also participate in H-bonding with these resorcinol groups. The participation 
of water OH in H-bonding is further corroborated by the absence of a peak at 3611 cm-1 
which is ascribed to free OH groups.  
Upon regeneration in the polysaccharide matrix, it is possible that the structure of 
RES is changed. However, the similarity between the spectra of RES by itself and in 
either CS or CEL suggests that there were no substantial changes to the structure of RES. 
In addition, the presence of RES bands in the composite films suggest that RES was 
successfully encapsulated in either CEL or CS matrix. Despite this similarity, there were 
some interesting subtle changes which took place as a result of this blending. For 
example, the band at 3492 cm-1 in RES dissappeared in the spectra of the composite 
films. Instead, broad bands appeared at 3380 cm-1 and 3358 cm-1 for 50:50 CEL:RES and 
50:50 CS:RES composite films. These bands are attributed to vibrations of OH groups 
involved in extensive hydrogen bonding. This is hardly surprising because CEL and CS 
possess many OH groups within their structures which can participate in H-bonding 
between the polysaccharide molecules themselves or with the OH groups in RES. Thus, 
the disappearance of the 3492 cm-1 peak could be ascribed to either disruption of the H-
bonding in RES structure or just an overlap between the polysaccharide H-bonded OH 
vibrations and this band. It is therefore difficult to establish the nature of H-bonding in 
the composite films. However, monitoring some other changes in the vibrational 
frequencies of RES in composite films could shed more light on the effects of 
polysaccharides on the structure of RES. For example, the shift (∆υ = 2 cm-1) to higher 
frequencies for the asymmetric and symmetric stretch vibrations of RES in composite 
128 
films reflect more disorder in the conformation of the alkyl side chains. However, this 
shift could be insignificant. Another indication of interactions between RES and the 
polysaccharides was noticed when the aromatic vibrations became weaker when RES 
was encapsulated in the polysaccharide matrix. For example, as illustrated in Table 3-1, 
the band at 1618 cm-1 in RES powder shifted to 1615- and 1613-cm-1 in [CEL+RES] and 
[CS+RES] composite films respectively. Similarly, the 1505 cm-1 band in RES powder 
shifted down to 1500cm-1 when RES was encapsulated in either CEL or CS matrix. This 
red shift suggests a reduction in the double bond character of resorcinol rings. Such 
observations were reported elsewhere.26  
NIR spectra was used to further confirm that RES was successfully encapsulated 
in the polysaccharide matrices (Figure 3-2B). As illustrated in this figure, NIR spectrum 
of RES exhibits bands at 1730-1762 nm which are tentatively assigned to first overtone 
stretch vibrations of alkyl CH groups. In addition, the bands at 2310- and 2350-nm were 
ascribed to the combination bands for C-H stretch and deformation. It is however 
surprising to note that the spectrum of RES did not show the bands ascribed to the 
aromatic CH vibrations. An explanation to this cannot be given at this time. The spectrum 
for CEL exhibit bands at: 1466 nm due to the first overtone OH stretch; 2096 nm due to 
the combination vibrations of OH asymmetric stretch, OH and CH deformation.31,32 Since 
the chemical structure of CS is similar to that of CEL, we expect their NIR spectra to be 
similar as well. This is the case except for additional bands at 1529- and 2096-nm which 
are ascribable to the first overtone and combination absorptions of the amino groups. The 
band at around 1930 nm (1928 nm for RES; 1932 nm for 50:50 CEL:CS; 1929 nm for 
50:50 CS:RES; 1934 nm for CEL and 1933 nm for CS) are due to the combination of OH 
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asymmetric stretch and OH deformation of water. Similarly to the observations made 
with FTIR, the spectra of the composite films exhibit bands that are ascribed to both 
constituents, i.e. RES and CEL in [CEL+RES] and RES and CS in [CS+RES] composite 
films. No new bands were observed in the composites suggesting that no covalent bonds 
were formed between RES and either CEL or CS. Therefore, the only forms of 
interactions could be the simple van der Waals and H-bonding interactions. 
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Figure 3-2 FTIR (A) and NIR (B) spectra of composite films. (i) resorcinarene (RES) 
powder, (ii) 50:50 CEL:RES, (iii) 50:50 CS:RES, (iv) 100% CEL, and (v) 100% CS. The 
spectra were translated vertically for easier viewing. 
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Table 3-1 Vibrational frequencies attributed to RES in RES powder, 50:50 CEL:RES and 
50:50 CS:RES composite films. The literature values have been included for reference. 
All frequencies are in wavenumbers (cm-1). 
 
Peak assignment RES powder 50:50 CEL:RES 50:50 CS:RES 25Literature 
υ(O-H) H-bonded 
υ(CH3) asym. 
υ(CH2) asym. 
υ(CH2) sym. 
υ(C-H) arom. 
υ(C-H) arom. 
δ(CH2) 
δ(C-H) methine 
bridge 
δ(C-H) ip. arom 
δ(C-H) oop. arom. 
3372 broad 
2956 
2922 
2851 
1618 
1505 
1378 
1163 
 
1087 
847 
3379 broad 
2956 
2924 
2853 
1615 
1500 
1377 
1159 
 
1089 
842 
3358 broad 
2956 
2924 
2853 
1613 
1500 
1378 
1167 
 
1089 
843 
3367 broad 
2954 
2922 
2852 
1620 
1502 
1378 
1154 
 
1087 
846 
υ-stretch vibration; δ-bending vibration; asym.-asymmetric; sym.-symmetric; arom.- 
aromatic; ip-in plane; oop-out of plane. 
 
3.3.2. XRD spectroscopy of composite films 
XRD is a very valuable technique to investigate the crystal structure of a given 
compound. In the present case, we used it to investigate the structural changes which 
could take place to RES as a result of its blending in the polysaccharide matrices. As 
illustrated in Figure 3-3, the spectrum of RES powder shows typical crystalline peaks at 
6.2°, 7.6°, 11.4°, 15.3°, and 18.6° 2θ reflecting the close packing and regular 
crystallization in its structure. However, XRD spectrum of 100% CEL exhibits typical 
amorphous bands at 13.0° and 20.6° 2θ which are attributed to cellulose II. Similarly, 
XRD spectrum of 100% CS exhibits broad bands at 10.8° and 20.2° 2θ. Upon blending 
RES with these polysaccharides, in addition to the bands attributed to either RES or CS 
or CEL, new strong bands appeared at 14.7° and 14.6° 2θ in 50:50 CEL:RES and 
CS:RES respectively. This suggests that the polysaccharides have modified the ordered 
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packing of RES. This could be due to the establishment of intermolecular interactions 
between RES and the polysaccharides. These XRD results further reinforce the evidence 
of compatibility between RES and the polysaccharides which was witnessed in 
vibrational spectroscopy results. Specifically, as described earlier, RES possesses OH 
groups which are capable of forming H-bonds with the OH groups from either CEL or 
CS. More information about these kinds of interactions was obtained from NMR (vide 
infra). 
 
Figure 3-3 X-ray diffraction spectra of (i) RES powder, (ii) 50:50 CEL:RES, (iii) 50:50 
CS:RES films; (iv) 100% CEL; and (v) 100% CS films. 
3.3.3. 13C CP/MAS NMR spectral studies of RES-based polysaccharide composites 
Magic angle spinning (MAS) is a technique commonly used in solid state NMR 
spectroscopy to increase the resolution of the otherwise broad peaks. Specifically, the 
sample is spun at the magic angle θm=54.74° with respect to the direction of the applied 
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magnetic field, B0. This results in narrowing of bands thereby improving the resolution 
between these bands. However, dilute nuclei such as 13C give rise to very weak signals. 
To go around this problem, another technique called cross polarization (CP) is used to 
enhance the signal to noise (S/N) ratio of these dilute nuclei species. In CP, the 
polarization of abundant spins such as 1H spins is transferred to dilute spins such as 13C. 
This results in a substantial improvement in the S/N ratio of these naturally dilute spins. 
Thus, combining CP with MAS results in better S/N ratio and better resolution. For more 
detailed treatment of this subject, the reader is referred to literature.33,34  
We, therefore used this combined CP/MAS NMR technique to characterize the 
miscibility of RES with the polysaccharide (CEL, CS). This was achieved by comparing 
spectra of composite films with those of pure constituents (i.e. RES, CEL, and CS). 
Figure 3-4 shows 13C NMR spectra of pure RES, CS, CEL and their composite films. As 
illustrated in this figure and Table 3-2, RES, CS, and CEL exhibit resonances which are 
consistent with literature values.3,35,36 The resonances for RES were consistent with those 
of the cone conformation. After mixing the RES with either CEL or CS, the resultant 
composites exhibit bands that are a superposition of those obtained in spectra of the pure 
constituents. For example, the spectrum for 50:50 CEL:RES show bands that are a mere 
weighed superposition of those bands obtained for pure CEL and pure RES. This 
provides further evidence of successful encapsulation of RES in the polysaccharide 
matrices. However, there were some notable changes which occurred to RES resonances. 
Specifically, the resonances for alkyl chain underwent an upward shift. The shift was 
from 33.2 ppm to 29.7 ppm and 30.0 ppm for RES powder, 50:50 CEL:RES and 50:50 
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CS:RES respectively. This suggests that the conformation of these alkyl chain groups 
was modified by the polysaccharides. 
 
 
Scheme 3-3 Structures of RES, CEL, and CS used to show numbering in peak 
assignments in NMR  
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Figure 3-4 13C CP/MAS NMR spectra of (i) RES powder, (ii) 50:50 CEL:RES, (iii) 50:50 
CS:RES, (iv) 100% CEL, and (v) 100% CS films. The spectra have been translated 
vertically upwards for clarity of presentation.
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Table 3-2 13C solid state NMR chemical shifts of RES powder, 50:50 CEL:RES, 50:50 
CS:RES, 100% CEL, and 100% CS films. All chemical shifts are in ppm. The last three 
columns are literature values of the chemical shifts of RES, 100% CEL and 100% CS.  
Peak 
Assignment 
RES 
powder 
50:50 
CEL:RES 
50:50 
CS:RES 
100% 
CEL 
100% 
CS 
aRES 
Lit.3  
a100% 
CEL 
Lit.35  
a100% 
CS 
Lit.36  
Resorcinarene (RES) 
C1, C3 152.7, 
150.6 
152.6 152.2   153.7, 
153.1, 
151.5, 
150.8, 
  
C2 105.8, 
103.3, 
101.9 
103.6 103.6   103.4, 
102.9, 
100.9 
  
C4,C6 127.9, 
127.0, 
125.0, 
123.3 
122.4 125.3   123.2, 
122.7, 
122.3, 
121.2 
  
C5 120.1 122.4 125.3   123.7, 
120.0 
  
C7-C16 33.2, 
32.4 
29.7, 
34.6 
30.0, 
34.6 
  33.6, 
32.4 
  
C17 23.1     24.1, 
23.4 
  
C18 14.7, 
15.0 
    16.5, 
15.1, 
13.9 
  
Cellulose/Chitosan 
Peak 
Assignment 
RES 
powder 
50:50 
CEL:RES 
50:50 
CS:RES 
100% 
CEL 
100% 
CS 
 a100% 
CEL 
Lit.35  
a100% 
CS 
Lit.36  
C1  103.6 103.6 102.6 102.1  105.7 104.7 
C2  73.8 55.7 75.5 57.8  74.8 57.6 
C3, C5  73.8 74.7 75.5 75.6  74.8 75.0 
C4  83.6 81.8 81.8 83.2  84.4 82.4 
C6  60.3 60.8 56.0 62.6  63.0 60.1 
CH3     25.3   23.2 
aData was obtained from literature. 
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3.3.4. Scanning electron microscopy of RES-based composites 
The morphology of RES-based composite were analyzed by SEM and the images 
are presented in Figure 3-5. As illustrated in this figure, the surface and cross sectional 
images of pure CEL and pure CS exhibit a smooth and homogeneous structure with no 
signs of phase separation. Although CS and CEL exhibit a similar structure except for the 
substitutions at C-2, the microstructure of CEL is fibrous as revealed by SEM. 
Interestingly, the composite films obtained by blending these polysaccharides with RES 
also exhibit a homogeneous morphology with no areas that could be attributed to either of 
the constituents. This further corroborates results obtained from vibrational spectroscopy 
and NMR. In particular, the presence of OH groups in RES enables the formation of H-
bonding interactions with the OH of either CEL or CS. The surfaces are dense and non-
porous. This dense structure can be rationalized by considering that the films were dried 
slowly in a home-made drier chamber. During this stage, as water evaporates from the 
polymer matrix, the polymer chains draw closer to each other and form stronger 
interactions. In the case of a film containing RES and either CEL or CS, stronger 
interactions are established between these polysaccharides and RES. The slow speed of 
this evaporation process ensures that most of the air pockets are closed because the 
interactions between RES and the polysaccharides are much stronger than those 
interactions between air and either RES or polysaccharides. However, the cross sectional 
surfaces of the composite films are rather coarse. This could be due to some 
crystallization of the RES species inside the polysaccharide matrix. This coarse structure 
would help in lowering the surface tension of water thereby enhancing the accessibility of 
the adsorbent sites to the pollutant species. 
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Figure 3-5 SEM images of RES-based polysaccharide composites. First column shows 
surface images whilst second column shows the cross sectional images of 100% CS (first 
row), 50:50 CS:RES (second row), 100% CEL (third row), and 50:50 CEL:RES 
composites (fourth row). 
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Taken together, FTIR, NIR, XRD, NMR and SEM presented clearly indicate that 
RES was successfully encapsulated in the polysaccharide matrices. In addition, the 
evidence presented shows that RES did not undergo any kind of chemical reaction with 
these polysaccharides or with the ionic liquid. Thus, these novel materials are expected to 
retain properties of their individual constituents that is they are expected to form host-
guest complexes (from RES) with organic species such as phenolic and nitro-aromatic 
compounds. To test these claims, these novel materials were applied towards adsorption 
of positional isomers of cresol, toluene, dinitrobenzene, phenol, and nitrobenzene. The 
results of these experimental studies are presented in the next section. 
3.3.5. Applications of RES-based composites 
As described earlier, we used UV Vis spectroscopy to monitor the adsorption of 
phenol, nitrobenzene (NB), and positional isomers of cresol (o-, m-, and p-cresol), 
dinitrobenzene (1,2-, 1,3-, and 1,4-dinitrobenzene) and nitrotoluene (o-, m-, and p-
nitrotoluene). We monitored the kinetics of adsorption by measuring the absorbance of 
the analyte solutions at predetermined time points. We chose analytical wavelengths 
based on the molar absorptivity of the analyte solutions at a concentration of 390 µM. 
Representative spectra of these analyte solutions and the corresponding analytical 
wavelengths are shown in Figure 3-6 and Table 3-3 below. As illustrated, these spectra 
exhibit unique bands in the UV region. The analytical wavelengths were therefore chosen 
in this region such that the absorbance of a 390 µM solution would be within the range 
0.502-0.648 A.U. which lies within the linear range of the UV absorption technique. It 
should be pointed out however that some of these analytical wavelengths are not 
necessarily the wavelengths that give the maximum absorbance (λmax). This was because, 
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at the λmax, the molar absorptivity values were too high to be measured accurately at this 
390 µM concentration. This was the case with all substituted nitrobenzene derivatives i.e. 
nitrotoluene and dinitrobenzene isomers. For example, o-NT had the lowest molar 
absorptivity of 5,800 M-1cm-1 amongst these nitrobenzene derivatives.37 At a 
concentration of 390 µM, it corresponds to an absorbance value of 2.262 A.U. which is 
outside the validity of Beer’s law. Thus, for these analytes, we chose analytical 
wavelengths which were red-shifted from the λmax. For example, for this o-NT, we chose 
λmax=326 nm with a molar absorptivity of 1,287 M-1cm-1 (Table 3-3).  
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Figure 3-6 UV Visible absorption spectra of the analytes in water. All other analytes were 
measured at a concentration of 390 µM, except for o-, m- and p-DNB which had a 
concentration of 39 µM. (A) o-, m-, and p-Cresol; (B) NB, 1,2-, 1,3- and 1,4-DNB; (C) o-
, m-, and p-NT.  
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Table 3-3 Analytical wavelengths together with corresponding molar absorptivity values 
for aqueous solutions of the aromatic analytes. 
Pollutant 
species 
Analytical 
wavelength 
λ (nm) 
Molar  
absorptivity 
ελ (M-1 cm-1) 
Phenol 270 1492 
Nitrobenzene 268 1423 
o-Nitrotoluene 326 1287 
m-Nitrotoluene 320 1530 
p-Nitrotoluene 330 1654 
1,2-Dinitrobenzene 304 1661 
1,3-Dinitrobenzene 295 1565 
1,4-Dinitrobenzene 320 1573 
o-Cresol 271 1547 
m-Cresol 271 1560 
p-Cresol 277 1644 
  
Figure 3-7 shows traces for typical absorption changes for the adsorption of 1,2-
DNB onto the different composite films. As illustrated, over time, the absorbance 
decreases due to the adsorption of the analyte species. This is because as the analyte 
species are being adsorbed onto a solid surface thereby decreasing there concentration in 
solution. From these measured absorbances, the amount adsorbed at each up to each time 
point, qt, can then be calculated using the mass balance equation (i.e.
WVCCq tot /])[(  ) which was introduced in the previous Chapter. Typical curves 
obtained after this calculation are shown in Figure 3-8. It is clear from such traces that the 
adsorption profiles of the analytes onto the different composite films follow the same 
pattern. Specifically, during initial stages of adsorption, the rate of adsorption is almost 
linear. However, over time, this rate slows down until it reaches equilibrium. It is also 
clear from Figure 3-7 and Figure 3-8, that the efficiency of the composite films are 
different. For example, pure 100% CEL and 100% CS adsorb less amount of analyte at 
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equilibrium than the amount that is adsorbed by those composites containing RES (i.e. 
50:50 CEL/CS:RES). This suggests that some favorable interactions between the analyte 
species and RES give rise to stronger complexes which in turn manifest in higher 
adsorption at equilibrium. This is hardly surprising since RES, with benzene rings in its 
structure can interact with these aromatic analytes through π-π interactions. More detailed 
discussion on the nature of these interactions will be discussed later in this section.  
 
Figure 3-7 Typical absorbance-time profiles for the adsorption of 1,2-DNB onto the 
different composite films. 
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Figure 3-8 Typical qt vs time profiles for the adsorption of 1,2-DNB onto the different 
composite films. 
Detailed information about the mechanism of adsorption was obtained by fitting 
the kinetic data to pseudo first order and pseudo second order models. Theoretical 
treatment of these models have been presented in the previous Chapter 2. Two important 
parameters can be obtained from these models viz amount adsorbed at equilibrium, qe and 
rate constants, k. These parameters can then be used to evaluate the efficiency of these 
different adsorbents. Such information is necessary to design and optimize the conditions 
for efficient adsorption of these analytes. Typical linearized plots for pseudo first order 
and pseudo second order are shown in Figure 3-9. It is evident from these plots that data 
fitted better to pseudo second order than to pseudo first order model. We then used two 
goodness of fit parameters (R2 and MSC) to show that the pseudo second order fits 
relatively better than the pseudo first order model. As was the case in the graphical plots, 
both R2 and MSc values for pseudo second order were consistently higher than the 
corresponding values for pseudo first order model (Table 3-4 and 1-5). In addition, 
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experimental qe values matched those obtained from pseudo second order fitting. These 
results suggests that the adsorption of these analytes onto the studied composite films is 
described better by the pseudo second order model. Accordingly, we used pseudo second 
order model fit parameters to evaluate the performance of these composite films. In 
addition, we could also compare the effect of the introduction of substituent groups to the 
benzene ring of the analytes. Furthermore, we could compare the effect of substituted 
position on the adsorption behavior of positional isomers of the analytes. 
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Figure 3-9 Typical linearized plots for (A) pseudo second order and (B) pseudo first order 
models for the adsorption of 1,2-DNB onto the four different composite films. 
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Table 3-4 Kinetic parameters obtained by fitting pseudo second order and pseudo first order models to the adsorption of the aromatic 
analytes to the four composite films. 
 
 
    Pseudo second order model   Pseudo first order model 
CEL RES CS qe,exp 
(M g-1) 
qe,calc 
(M g-1) 
k1 
() 
R2 MSC  qe,calc 
(M g-1) 
k2 
() 
R2 MSC 
   1,2-Dinitrobenzene (1,2-DNB) 
100   0.60 0.583(6) 50(10) 0.9964 5.8389  0.18(1) 0.9(1) 0.6576 0.9606 
  100 0.765 0.747(3) 46(8) 0.9990 6.8438  0.146(7) 0.59(6) 0.6892 1.0900 
50 50  5.4 5.37(5) 1.02(6) 0.9953 5.2814  3.6(1) 0.86(3) 0.9228 2.4865 
 50 50 3.49 3.41(4) 2.7(4) 0.9929 4.8678  1.77(6) 0.83(4) 0.9185 2.4641 
   1,3-Dinitrobenzene (1,3-DNB) 
100   0.459 0.445(4) 100(30) 0.9968 5.9452  0.094(9) 1.0(2) 0.4074 0.4121 
  100 0.72 0.738(2) 190(30) 0.9996 8.4031  0.17(4) 22(3) 0.7172 1.1251 
50 50  4.6 4.52(3) 1.7(1) 0.9970 6.1920  2.6(1) 0.86(5) 0.8564 1.8650 
 50 50 3.11 3.07(2) 4.2(5) 0.9968 5.6716  1.28(6) 0.94(5) 0.8894 2.1344 
   1,4-Dinitrobenzene (1,4-DNB) 
100   0.33 0.324(4) 1000 0.9965 6.0938  0.18(6) 90(10) 0.8807 1.7629 
  100 1.38 1.39(2) 19(3) 0.9951 5.6487  0.50(2) 2.0(2) 0.7972 1.4781 
50 50  2.96 2.74(4) 3.9(7) 0.9906 4.5928  1.28(5) 0.40(4) 0.6570 0.9960 
 50 50 2.92 2.90(2) 4.8(6) 0.9972 5.7952  1.11(6) 1.05(6) 0.8696 1.9569 
   Nitrobenzene (NB) 
100   0.82 0.82(4) 10(2) 0.9673 3.1984  0.64(2) 1.65(8) 0.9656 3.1467 
  100 1.48 1.48(4) 14(3) 0.9902 4.4034  0.87(4) 2.6(1) 0.9527 2.8288 
50 50  8.3 8.45(3) 2.29(7) 0.9995 7.4583  4.6(2) 3.5(2) 0.9353 2.6264 
 50 50 5.2 5.25(4) 5.2(4) 0.9986 7.4583  2.6(2) 3.6(3) 0.8284 1.6198 
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Table 3-5 Kinetic parameters obtained by fitting pseudo second order and pseudo first order models to the adsorption of aromatic 
analytes to the four composite films. 
 
 
 
    Pseudo second order model   Pseudo first order model 
CEL RES CS qe,exp 
(M g-1) 
qe,calc 
(M g-1) 
k2 
() 
R2 MSC  qe,calc 
(M g-1) 
k1 
() 
R2 MSC 
   o-Nitrotoluene (o-NT) 
100   2.27 2.7(2) 1.0(1) 0.9393 2.6020  2.29(9) 2.4(1) 0.9691 3.2780 
  100 2.0 2.1(1) 2.8(5) 0.9449 2.6989  1.6(1) 2.9(2) 0.9095 2.1915 
50 50  10.6 10.79(6) 2.2(2) 0.9994 7.1615  4.5(4) 3.1(2) 0.9202 2.3174 
 50 50 8.0 8.08(5) 3.9(4) 0.9994 7.2987  2.6(3) 2.8(3) 0.8337 1.5834 
   m-Nitrotoluene (m-NT) 
50 50  11.5 11.68(2) 2.17(8) 0.9999 9.2329  4.4(4) 2.8(2) 0.9409 2.6461 
 50 50 8.9 8.96(1) 6.2(2) 0.9999 9.1570  2.4(3) 4.3(3) 0.7810 1.4316 
   p-Nitrotoluene (p-NT) 
50 50  10.9 10.98(3) 3.0(2) 0.9998 8.5812  3.2(4) 2.7(2) 0.8600 1.7921 
 50 50 8.6 8.74(2) 6.3(2) 0.9998 8.6515  5.7(2) 15.0(4) 0.9769 3.6383 
   Phenol 
50 50  0.414 0.486(3) 98(7) 0.9985 6.4158  0.23(3) 24(2) 0.8893 2.0528 
 50 50 0.846 0.827(7) 37(3) 0.9972 5.7840  0.36(2) 3.0(3) 0.7456 1.2546 
   o-Cresol 
50 50  1.01 1.010(3) 25(2) 0.9996 14.7191  0.30(2) 1.22(7) 0.8561 1.8631 
   m-Cresol 
50 50  0.98 0.977(3) 14.3(8) 0.9993 7.2594  0.42(3) 1.04(7) 0.8066 1.5674 
   p-Cresol 
50 50  1.13 1.143(6) 55(8) 0.9994 7.2812  0.89(9) 20(1) 0.9381 2.5823 
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The qe data obtained by pseudo second order model were used to construct a 3D 
bar chart to illustrate clearly the performance of the different composite films (Figure 
3-10). Interestingly, both [CEL+RES] and [CS+RES] composite adsorbed consistently 
higher amounts of nitro-aromatic species than the amount adsorbed by their pure 100% 
CEL and 100% CS counterparts. For example, 100% CEL and 100% CS adsorbed 
2.7±0.2 M-1g-1 and 2.1±0.1 M-1g-1 of o-NT respectively. On adding 50% RES onto each 
of CEL and CS, the resultant composites adsorbed almost 4X the amount of o-NT that 
was adsorbed by pure 100% CEL and 100% CS (Table 3-5). This could be rationalized 
by considering the structures of the analytes in relation to the structures of the adsorbents. 
All analyte species contain a substituted benzene ring. Their structures only differ in the 
substituents attached to this benzene ring. On the other hand, the adsorbents exhibit very 
different structures. Whereas RES contain four benzene rings and eight hydroxyl groups 
in its macrocyclic structure, both CEL and CS contain anhydroglucose and glucosamine 
residues in their polymeric structures. Therefore, whereas RES can interact through its π-
electrons in addition to H-bonding through its resorcinol hydroxyl groups and van der 
Waals interactions, both CEL and CS can only interact through van der Waals forces and 
H-bonding. Compared to the structures of analyte species, RES can form π-π interactions 
in addition to the VDW and H-bonds. In addition, RES, with its macrocyclic cavity, can 
form inclusion complexes with the analyte species. Conversely, both CEL and CS can 
only interact through VDW and H-bonding. Therefore, on this basis, RES is justifiably 
expected to form stronger complexes with these analyte species than the complexes 
formed between these species and either CEL or CS. Consequently, RES-containing 
composite films adsorb more pollutant than either pure 100% CEL or 100% CS. 
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Figure 3-10 3D representation of adsorption capacity of various organic pollutants by 
100% CEL (red), 100% CS (blue), 50:50 CS:RES (green) and 50:50 CEL:RES (purple). 
  
It is also interesting to note that in most cases, 100% CS adsorbed more analyte 
species than 100% CEL. For example, the latter adsorbed 0.82±0.04 M-1g-1 of NB, while 
the former adsorbed 1.48±0.04 M-1g-1 which is almost twice as much. These results 
corroborate previous findings that CS, with its amino groups, can form stronger 
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complexes than CEL except in the case of o-NT, 100% CEL adsorbed slightly higher 
amount (2.7±0.2 M-1g-1) than that by 100% CS (2.1±0.1 M-1g-1). There may be large 
uncertainty associated with these results as R2 and MSC values for these adsorptions 
were not very high compared to all the other pseudo second order fits.  
In previous studies, it has been reported that nitro-aromatic species can form π-π 
electron donor acceptor (EDA) complexes with π-electron rich adsorbents. For example, 
in one study, it was concluded that the strong adsorptive interaction between nitro-
aromatics and carbon nanotubes was due to the π-π EDA interaction between nitro-
aromatic molecules (electron acceptors) and the highly polarizable grapheme sheets 
(electron donors) of carbon nanotubes.38 Since the benzene rings in RES are substituted 
by –OH groups (two per each benzene ring) which are electron releasing, we expect RES 
to be rich in π-electrons. Therefore, RES is expected to form stronger π-π interactions 
with those analytes possessing an electron deficient aromatic system. We therefore 
investigated this possibility by comparing the adsorption of NB against phenol onto RES-
based composite films. Interestingly, RES-based composite films adsorbed consistently 
higher amounts of nitrobenzene than phenol. Specifically, whereas only 0.486±0.003 M-
1g-1 of phenol was adsorbed by 50:50 CEL:RES composite films, at least 17X as much 
NB (8.45±0.03 M-1g-1) was adsorbed by the same composite film. In another similar case, 
whereas 0.827±0.007 M-1g-1 of phenol was adsorbed by 50:50 CS:RES composite film, 
almost 7X as much NB (5.25±0.04 M-1g-1) was adsorbed by this same composite film. 
Such higher selectivity for NB over phenol that is being exhibited by RES-based 
composites can be attributed to the strength of EDA complexes formed between RES and 
these aromatic species. Whereas phenol is more electron rich, NB is more electron 
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deficient due to the activating and deactivating effects of phenol and NB respectively. 
Consequently, electron deficient NB forms stronger complexes with electron rich RES 
than the complexes formed between electron rich phenol and electron rich RES. The 
interactions between RES and NB are more like electrostatic than the more hydrophobic 
interactions between RES and phenol. These results suggest that H-bonding interactions 
between RES and phenol are insignificant compared with the EDA interactions between 
RES and NB. 
We also investigated the effect of adding another methyl- and nitro- substituents 
onto phenol (to make cresols) and nitrobenzene (to make dinitrobenzene, DNBs) 
respectively. Whereas methyl group is electron releasing, nitro group is electron 
withdrawing. Therefore, cresols are expected to be more electron rich than phenol. 
Similarly, DNBs are expected to be more electron deficient than NB. Consequently, if the 
EDA mechanism still holds, less amount of cresols should be adsorbed than the amount 
adsorbed for phenol. Likewise, more DNB should adsorbed at equilibrium than NB. 
However, the results in Table 3-5 seem to contradict these expectations. Essentially, more 
cresol was adsorbed than phenol and less DNB was adsorbed than NB. For example, at 
least twice as much cresol as phenol was adsorbed by 50:50 CEL:RES composite film. 
The same trend was observed for DNBs. These results suggest that other mechanisms 
could be at play when an additional substituent is added to these benzene derivatives. We 
propose that cresols could be interacting through their methyl groups, with the more 
oleophilic undecyl groups in RES. The trend in the adsorption of DNBs compared to NB 
is still very unclear at this time. 
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We also investigated the possibility of formation of inclusion complexes between 
RES and the aromatic analytes. This was accomplished by comparing the qe values 
obtained for the different positional isomers of DNB, cresol and NT. Considering the qe 
values obtained for cresol and NT isomers, it is clear that RES did not exhibit any 
discernible selectivity amongst these isomers. For example, one g of 50:50 CEL:RES 
adsorbed 10.79±0.06 mol L-1, 11.68±0.02 mol L-1, and 10.98±0.03 mol L-1 o-, m-, and p-
NT respectively. Likewise, one g of 50:50 CEL:RES adsorbed 1.010±0.003 mol L-1, 
0.977±0.003 mol L-1, and 1.143±0.006 mol L-1 o-, m-, and p-cresol respectively. 
Interestingly, RES-based composite films show some selectivity amongst the DNB 
isomers. For example, one g of 50:50 CEL:RES composite film adsorbed more 1,2-DNB 
(5.37±0.05 mol L-1)  than 1,3-DNB (4.52±0.03 mol L-1) which was in turn more than 1,4-
DNB (2.74±0.04 mol L-1). Such results seem to suggest that inclusion complexes were 
formed between RES and DNBs. In this case, only the benzene part is included and not 
the nitro-substituents. Therefore, a larger part of 1,2-DNB is included than 1,3-DNB. 
Thus more π-π EDA interactions were formed between the former and RES. 
Consequently, stronger complexes were formed between RES and 1,2-DNB than between 
RES and 1,3-DNB. If the p-substituted DNB, 1,4-DNB form an inclusion complex with 
RES, one of the nitro groups would be inserted into the cavity. This is unfavorable given 
the bulky nature of the nitro groups. Thus, 1,4-DNB exhibited the lowest qe values for 
both [CEL+RES] and [CS+RES]. 
In all these studies, NT exhibited the highest qe values than the other analytes 
(NB, DNB, cresol and phenol) for adsorption onto 50:50 CEL:RES composite films. This 
seems to suggest that the methyl group and the nitro group act synergistically to enhance 
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the interactions between RES and NT. The exact mechanism of adsorption of these NT 
isomers is still unclear at this time. However, these results help to advance valuable 
knowledge in the design of better adsorbents for such kinds of analyte species. An 
additional observation was that despite 100% CS being more superior to 100% CEL in 
terms of adsorption of these analytes, [CS+RES] composite film was inferior to 
[CEL+RES]. For example, whereas one g 50:50 CS:RES adsorbed 8.08±0.05 mol L-1 o-
NT, the equivalent amount of 50:50 CEL:RES adsorbed 10.79±0.06 mol L-1 of this o-NT 
pollutant species. Such behavior suggest that CEL and RES interact synergistically to 
adsorb more pollutant than CS and RES. Nevertheless, both composites exhibited the 
highest qe values than those composites containing pure 100% CEL and 100% CS.  
Intra-particle diffusion model was used to gain more insight into the stages 
involved in the adsorption of these aromatic species. This model assumes that the rate 
limiting step in adsorption is the diffusion of analyte species into the pores of the 
adsorbent to access the inner adsorbent sites. This model is represented by the equation (
Itkq it 
5.0
) where ki is the diffusion rate constant and I is a constant that gives 
information about the thickness of the boundary layer.39 According to this model, if the 
plot of qt vs square root of t is linear over the whole range, then the adsorption process is 
controlled by intra-particle diffusion, while, if the data exhibit multi-linear regions, then 
at least two steps are determining the rate of adsorption. As can be seen from the 
representative plots of qt vs t0.5 (Figure 3-11) and the data in Table 3-6, all the data 
exhibit two linear regions except for 100% CEL and 100% CS. Thus, in those cases when 
there was only one linear region, the adsorption process was solely controlled by intra-
particle diffusion. In cases where there were two linear regions, the first region was 
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characterized by higher slope than the second region. Such observations have been 
reported in many adsorption studies. The first region is attributed to the instantaneous 
utilization of adsorption sites on the surfaces of the composite films. The second region is 
characterized by slow diffusion of the analyte species onto the inner pores of the 
composites. It is interesting to note that all the cresols and phenols  
exhibited the slowest rates than NB, DNB and NT species.  
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Table 3-6 Intra particle diffusion data for adsorption of pollutant species onto the 
composite films. 
 
 
CEL RES CS ki1 R2 ki2 R2 
   1,2-Dinitrobenzene (1,2-DNB) 
100   0.0037(2) 0.8945   
  100 0.017(2) 0.8717 0.0022 0.9310 
50 50  0.205(2) 0.9966 0.036(1) 0.9905 
 50 50 0.250(9) 0.9924 0.0262(4) 0.9942 
   1,3-Dinitrobenzene (1,3-DNB) 
100   0.0018(2) 0.6497   
  100 0.026(2) 0.9490   
50 50  0.240(5) 0.9890 0.0269(8) 0.9902 
 50 50 0.244(5) 0.9963 0.0169(2) 0.9951 
   1,4-Dinitrobenzene (1,4-DNB) 
100       
  100 0.060(5) 0.9534 0.0127(4) 0.9853 
50 50  0.227(6) 0.9918 0.0241(4) 0.9911 
 50 50 0.25(1) 0.9821 0.0171(2) 0.9964 
   Nitrobenzene (NB) 
100   0.191(1) 0.9462   
  100 0.0250(5) 0.9933   
50 50  0.60(1) 0.9964 0.058(5) 0.9519 
 50 50 0.46(1) 0.9907 0.078(5) 0.9617 
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Figure 3-11 Intra-particle diffusion plot for the adsorption of 1,2-DNB onto 100% CEL, 
100% CS, 50:50 CEL:RES and 50:50 CS:RES composite films 
3.4. Conclusions 
The findings of this study reaffirms the possibility of packaging the desirable 
properties of two individual components into one composite. This was achieved by using 
a non-derivatizing solvent, BMIm+Cl- to dissolve and regenerate RES-based 
polysaccharide composite s. The resultant composites exhibited properties of their 
individual constituents. Specifically, polysaccharides, CEL and CS enabled the formation 
of films whilst RES imparted selectivity to the corresponding composites. These RES-
containing composites were found to be more selective than pure CEL and CS for the 
adsorption of NB, DNB, and NT isomers. These results are consistent with the formation 
0
0.001
0.002
0.003
0.004
0.005
0.006
0 10 20 30 40 50 60 70
q
t
(M
/g
)
CEL50CUNDEC for m-DNB
CEL50CUNDEC for p-DNB
CEL50CUNDEC for p-Cresol
CEL50CUNDEC for o-Cresol
CEL50CUNDEC for m-Cresol
CS50CUNDEC for o-DNB
CS50CUNDEC for m-DNB
CS50CUNDEC for p-DNB
t1/2 (min1/2)
158 
 
of π-π EDA complexes between the π electron rich RES and the π electron deficient 
analytes. In addition, RES-based composites exhibited selectivity amongst the positional 
isomers of DNB. Such differences could be rationalized by considering the formation of 
inclusion complexes between RES and each of 1,2- and 1,3-DNB. It was also found out 
that nitro and methyl groups are prerequisites for better adsorption of benzene-substituted 
analyte species by RES-based composites. Thus, the information presented in this report 
will set a platform for understanding that the mechanism of adsorption of aromatic 
species depends on the type of substituents and the position of aromatic substitution. 
Such information is vital in developing robust adsorbents for removal and recovery of the 
potentially toxic organic species from water.
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CHAPTER 4 
SYNTHESIS AND CHARACTERIZATION OF A POTENTIAL BONE TISSUE 
ENGINEERING MATERIAL FROM CELLULOSE, CHITOSAN AND 
HYDROXYAPATITE 
4.1. Background 
The human skeletal system performs a variety of vital functions including 
structural support to the body, protecting vital organs and also serving as a reservoir of 
minerals. Interestingly, this system is capable of regenerating itself throughout the whole 
life of an individual. However, in the event of traumatic injuries, the system may fail to 
heal properly necessitating the intervention of surgical procedures. The common surgical 
procedure for such severe injuries involve bone grafting to restore the normal function of 
the skeletal system. Bone grafting involves transplanting bone tissue from either the 
patient’s body (autografts) or cadavers (allografts) or from other species (xenografts) to 
the defect site.1-5 Although bone grafting has helped to restore the normal functioning of 
the skeletal system, its continued use is threatened by major challenges. For example, the 
major challenge facing autografts is the limited amount of bone stock in a patient’s body. 
In addition, the invasive nature of obtaining autografts leaves a wound at the donor site 
which would oftentimes take longer times to heal thereby adding misery to the quality of 
life of the patient. Furthermore, the bone graft may be resorbed at the surgical site.6 
Allografts pose the risk of eliciting immunogenic response, which result in their rejection 
and attack by the patient’s own immune system.7 Furthermore, there is the risk of transfer 
of diseases and other health complications from the donor.8,9 While xenografts share the 
same risks as allografts, they also pose the risk of failing to meet the biomechanical 
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properties required especially at load bearing sites. Therefore, to circumvent these 
shortcomings, efforts have been focused on developing unique artificial scaffolds that 
mimic the extracellular matrix. 
Scaffolding remains the most promising strategy to provide temporary support to 
the load bearing site to allow successful repair of lost bone tissue. The prerequisite for 
success of a given scaffolding system is its mimicry to the bone tissue. Thus, the design 
of the best scaffold requires understanding of the biological, chemical and mechanical 
properties of the bone tissue. Bone tissue is a very complex and dynamic tissue which is 
made up of a mineral phase, an organic phase and water. The mineral phase is mainly 
composed of calcium (Ca2+), and phosphate (PO4
3-) and constitute up to 60% of the mass 
or 40% of the volume of bone.10 In addition, other mineral ions such as carbonate (CO3
2-) 
and fluoride ions exist in small fractions. The main form of the bone mineral is 
hydroxyapatite (HAp) with the general chemical formula Ca10(PO4)6(OH)2. This mineral 
provides stiffness and strength to the bone. The organic phase (occupies 40% of the 
volume of bone) of the bone is mainly composed of type I collagen with a small but 
important fraction of non-collagenous proteins such as osteonectin, osteopontin, 
osteocalcin, etc.10 Collagen provides strength and flexibility to the bone. In addition, it 
provides surfaces for the nucleation and growth of hydroxyapatite crystals. Non 
collagenous proteins mediate the events associated with cell attachment, deposition of 
hydroxyapatite and its maturation. Water acts as a medium in which important 
biochemical reactions take place. Therefore, the structural organization of HAp, collagen, 
and water play a vital role in determining the properties of bone, such as mechanical and 
biological properties. Consequently, a scaffold meant to correct for bone defects should 
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mimic these constituents of bone in order to enhance the chances of success in repairing 
defected tissue. 
An ideal bone scaffold should therefore be able to (1) withstand mechanical 
forces experienced at the defect site, (2) allow the diffusion of nutrients and waste 
products to and from the defect site, (3) degrade at a rate that matches the regeneration of 
the bone tissue, and (4) to control delivery of therapeutics to the site. Most importantly, 
the scaffold should be osteoconductive, osteoinductive and biocompatible. In an attempt 
to achieve this goal, a variety of materials have been investigated with various levels of 
success. For example, metal implants have been used to replace defective bone 
completely because they possess superior mechanical properties. However, in some 
isolated cases, the tissue surrounding the prosthesis fails to attach to the metal leading to 
some complications which would require another costly and painful surgery.11-16 These 
problems have urged research into the use of synthetic polymers such as polyesters and 
polyurethanes. Although these polymers can be engineered to possess a wide range of 
mechanical properties, their use is precluded by the impending crisis in the petroleum 
industry. This is because these synthetic polymers are made from the non-renewable 
petroleum resource which faces the risk of running out due to its widespread use without 
adequate replenishment. Thus, efforts have been focused on naturally derived 
biopolymers such as polysaccharides (e.g. cellulose, chitosan), hyaluronic acid, and 
proteins (such as keratin, collagen, elastin, etc). 
Several studies have focused on the use of natural biopolymers to design 
successful scaffolds to correct for bone defects. Amongst these biopolymers, cellulose 
(CEL) and chitosan (CS) hold much promise. These biopolymers are not only 
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biocompatible but they can also degrade into non-toxic products which can be easily 
excreted from the body.17-23 Most importantly, CS exhibits antibacterial activity against a 
wide range of bacteria usually implicated in implant-associated infections.24-26 Thus, its 
use as a scaffold constituent would ensure a bacteria-free implant site which in turn 
improves the chances of successful reconstruction of the damaged bone tissue. Cellulose 
is well known for its superior mechanical properties.27 Thus, it can potentially be used to 
make scaffolds that are intended to be used at load bearing sites. Although CS and CEL 
possess desirable properties for their potential use in bone tissue scaffolds, there is still 
room to improve their osteoconductive and mechanical properties by blending them with 
HAp. 
Hydroxyapatite is widely used as an orthopedic implant coating because it is 
similar to bone mineral and therefore it is expected to be osteoconductive. However, by 
itself, HAp is difficult to apply as a bone scaffold because it is too brittle and difficult to 
process.28 In addition, HAp exhibit poor tensile strength and poor impact resistance. 
Furthermore, it tends to migrate from the implant site potentially causing irritation or 
damage to surrounding healthy tissues.29 Also, crystalline HAp tends to degrade more 
slowly than the normal healing rate of bone.30 To go around this problem while still 
retaining its osteoconductive properties, HAp is often combined with either CS or CEL 
among other biopolymers to fabricate composite scaffolds. The resultant scaffolds often 
possess properties of their constituents. For example a scaffold containing chitosan and 
hydroxyapatite was found to be both osteoconductive (from HAp) and antibacterial (from 
CS);31 a scaffold containing cellulose and HAp was found to be both osteoconductive 
(from HAp) and mechanically superior (from CEL).32  
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Despite the potential of these HAp-based biopolymer scaffolds, there exist 
challenges in their fabrication. The low solubility of HAp in both aqueous (except in 
acidic solutions) and organic solvents precludes in situ fabrication of HAp/biopolymer 
scaffolds. In addition, the synthesis of the HAp involves post-heat treatment at 
temperatures in excess of 1100 °C.33 Such high temperatures prevents the possibility of 
synthesizing HAp/biopolymer scaffolds in situ because the biopolymers would undergo 
thermal degradation at such high temperatures. Furthermore, blending powdered HAp 
with either CS or CEL can lead to weak bonding between these components which 
oftentimes would result in implant failure. In situ precipitation of calcium phosphate in 
biopolymer matrix can be achieved by soaking the biopolymer film in a simulated body 
fluid (a solution with ion concentration close to that of human blood plasma kept under 
physiological pH and temperature conditions) for several days.34 A modified version of 
this biomimetic method involves soaking the film alternately in separate solutions of 
calcium and phosphate ions.35,36 This modified procedure takes less time than the 
conventional biomimetic technique; it takes just a couple of hours to complete. 
Fabricating the biopolymer films prior to the in situ deposition of HAp is 
hampered by the low solubility of both CS and CEL in conventional solvents. This 
recalcitrance to conventional solvents is due to the existence of extensive networks of 
intra- and inter-molecular H-bonds in the structures of CEL and CS. This low solubility 
makes it more difficult to process and functionalize these two polysaccharides. Until 
recently when ionic liquids were discovered, N-methyl morpholine N-oxide37 and acetic 
acid38 were widely used to dissolve and regenerate CEL and CS films respectively. 
However, these solvents potentially cause degradation of these biopolymers. Worse still, 
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they cannot dissolve both CEL and CS, thus limiting the possibility of synthesizing 
[CEL+CS] composite films. These challenges have been alleviated by the introduction of 
ionic liquids which can dissolve both CEL and CS simultaneously in the same solvent 
system. For example, 1-butyl-3-methylimidazolium chloride, BMIm+Cl-, an IL was found 
to dissolve both CS and CEL and regenerate their composite films.39 This enabled the 
possibility of synthesizing [CEL+CS] containing various proportions of these 
components in one step. The resultant composite films were found to possess combined 
properties from each of the components. For example, as expected, [CEL+CS] composite 
materials exhibited superior mechanical properties (from CEL) and excellent antibacterial 
properties (from CS). 
To the best of our knowledge, there are no reports published about combining the 
regeneration of [CEL+CS] composites from ionic liquid with their subsequent in situ 
mineralization by the fast alternate soaking technique. Therefore, in this study, we seek to 
close this knowledge gap by combining the advantages of these two seemingly unrelated 
developments to synthesize novel HAp polysaccharide composites for potential use in 
bone tissue engineering. Results on the detailed characterization of these composite 
materials are reported in the following sections. 
4.2. Experimental Procedure 
4.2.1. Chemicals 
High molecular weight chitosan (Mw≈310 to 375 kDa, 84±2% degree of 
deacetylation),27 microcrystalline cellulose (DP≈300),40 ammonium persulfate and 
potassium antimonyl molybdate were obtained from Sigma-Aldrich (Milwaukee, WI). 
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Ammonium molybdate tetrahydrate was supplied by J.T. Baker. Methylimidazole and 
chlorobutane used to make the ionic liquid, 1-butyl-3-methylimidazolium chloride, were 
sourced from Fisher Scientific. HAp standard was obtained as a gift from Professor J. M. 
Toth from department of Biomaterials and Tissue Engineering at Marquette University.  
All other reagents were of analytical grade and were sourced from commercial suppliers 
(Sigma Aldrich and Fisher Scientific). The water that was used throughout the 
experiments was double distilled (18.2 MΩ cm-1). 
4.2.2. Instrumentation 
A variety of spectroscopic techniques were used to characterize the 
polysaccharide composite films. Specifically, the following techniques were used; X-ray 
diffraction (XRD), FTIR, and SEM. X-ray photoelectron spectra were taken on a HP 
5950A ESCA spectrometer with Al monochromatic source and a flood gun was used for 
charge suppression. In addition, the composites were evaluated for their tensile 
properties. Details on the conditions and instruments used to carry out these analyses 
have already been presented in previous chapters. 
4.2.3. Preparation of polysaccharide composite materials 
All films containing various proportions of CEL and CS were prepared according 
to the method that was developed in our group.39 In brief, as shown in Scheme 4-1, the 
required amounts of either CEL or CS were dissolved in BMIm+Cl- to enable the 
regeneration of composite materials containing various proportions of these two 
components. The IL-laden gels were then washed with distilled water to remove the IL. 
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This washing took about three days. Subsequent distillation facilitated the recovery of the 
IL for reuse. 
 
Scheme 4-1 Synthesis of [CEL+CS] composites and their mineralization in aqueous 
solutions of CaCl2 and Na2HPO4. 
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4.2.4. Mineralization of polysaccharide composite films by the dipping method 
Calcium phosphate was template onto the polysaccharide matrix by the well-
known alternate soaking technique (Scheme 4-1).36 In details, the rectangular film (7.0 
cm x 3.5 cm L x W) was soaked in an aqueous solution of CaCl2 (50.0 mL of 200 mM 
Ca2+) for 60 seconds. During this time, the cations diffused and got encapsulated into the 
polysaccharide matrix. The film was then taken out of this solution and rinsed twice in 
double distilled water to remove physisorbed Ca2+. The film was subsequently soaked in 
an aqueous solution of Na2HPO4 (50.0 mL of 120.0 mM HPO4
2- for another 60 seconds 
during which time the anions diffused into the biopolymer matrix. After the lapse of the 
60 seconds, the film was rinsed in double distilled water to remove unbound mineral ions. 
Then, the film was soaked again in a fresh solution of 50.0 mL of 200.0 mM CaCl2. The 
whole series of operations was then replicated 20 times. The wet films were then air dried 
in a custom-designed drier. 
4.2.5. Procedure used to estimate the molar ratio of calcium and phosphorus in 
[CEL/CS+HAp] composite films 
4.2.5.1. Digestion of [CEL/CS+HAp] films for analysis of their composition 
Flame atomic absorption spectrometry41 and the ascorbic acid42 method were used 
to determine the bulk molar content of the HAp-containing polysaccharide composite 
films. Exactly 50.0 mg of film specimen was suspended in 50.0 mL of double distilled 
water. One milliliter of 11.0 N sulfuric acid and 0.400 g ammonium persulfate were 
added successively. The mixture was boiled gently on a hot plate until volume decreased 
to ca. 10 mL. It took ca. 1.5 hours to reach this 10 mL level. It should be pointed that 
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[CS+HAp] composite dissolved completely to give a clear solution in this acidic solution. 
The composites containing CEL produced some white particles suspended in the solution. 
These were then filtered using a 20-25 µm filter paper. The solution was then cooled to 
room temperature and the volume was adjusted to ca. 30.0 mL with double distilled 
water. One drop of phenolphthalein indicator was added to the resultant solution. Color 
remained colorless because the solution was still acidic. The solution was then 
neutralized to a faint pink color using 1.0 N aqueous NaOH. The whole neutralized 
solution was transferred quantitatively to a 100 mL volumetric flask. This solution 
denoted as Stock was then used for the determination of both phosphorus and calcium. 
4.2.5.2. Ascorbic acid protocol for determining phosphorus in [CEL/CS+HAp] films 
The following protocol was then followed for determining the molar content of 
phosphorus in the films. One milliliter of the Stock solution prepared in section 4.2.5.1 
was further diluted to 100 mL with double distilled water.  Ten milliliters of this dilute 
sample were measured into each of 6X25 mL volumetric flasks. Different volumes (0.0-
10.0 mL) of 2.50 ppm P were added into each of these flasks and the volume in each 
flask was adjusted to the mark using double distilled water. Subsequently, these solutions 
were transferred into six Erlenmeyer flasks and 4.0 mL of the combined reagent were 
added to each of the six solutions. The combined reagent was prepared fresh each time by 
mixing 50.0 mL of 5.0 N H2SO4, 5.0 mL of  8.2 M potassium antimonyl tartrate, 15.0 mL 
of 32.4 mM ammonium molybdate and 30.0 mL of  0.1 M ascorbic acid solutions. A blue 
colored complex was formed within a minute of adding the combined reagent. After 10 
minutes absorbance of each sample was measured at 880 nm using a Perkin Elmer 
Lambda 35 UV/Vis spectrometer. A standard addition curve of absorbance against the 
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volume of standard added to each flask was subsequently generated from this collected 
data. This was then fitted to a general linear model (Y = mX + C where Y is the 
absorbance of the solution, X is the volume of added standard; m and C represent the 
fitted parameters slope and intercept respectively). Extrapolation of this line to the X-axis 
(i.e. absorbance = 0) gives the concentration of the phosphorus in the diluted sample 
solution. Taking into account the dilution factors facilitates the calculation of the 
concentration of phosphorus in the original Stock solution prepared in section 4.2.5.1 
above. Knowing the amount (50.0 mg) of film sample that was digested in the acidic 
solution allowed the calculation of the percentage of phosphorus in the film. 
4.2.5.3. Atomic absorption spectrometric determination of calcium in the films 
Calcium was determined by the reported flame atomic absorption method with 
minor modifications. Specifically, ten milliliters of the Stock solution prepared in 4.2.5.1 
was diluted further to 100 mL with double distilled water. Subsequently, ten milliliters of 
this dilute sample solution were pipeted into each of the 6x25 mL volumetric flasks. 
Systematically varied amounts (0.0-5.0 mL) of 10.0 ppm Ca2+were added to these flaks. 
Three milliliters of 0.18 M La2O3 were added to these flasks to alleviate any possible 
interference from sulfate ions. The volumes were then adjusted to the marks using 0.2 M 
HNO3 solution. The absorbance of each solution was measured at 422.7 nm on a Perkin 
Elmer AAnalyst 100 flame atomic absorption spectrometer. Air and acetylene were used 
as oxidant and fuel respectively. Similarly to the calculations of P content, a standard 
calibration curve was constructed and subsequently used to calculate the percentage of 
calcium in the film that was digested in4.2.5.1. Then the weight percentages of CA and P 
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were converted to moles to produce Ca/P mole ratio in each HAp polysaccharide 
composite.  
4.3. Results and Discussion 
4.3.1. X-ray diffraction spectroscopy 
We used XRD spectroscopy to monitor the crystal structural changes which took 
place after calcium phosphate was deposited in the polysaccharide matrixes. This was 
achieved by comparing the spectra of polysaccharide films before (Figure 4-1A) and after 
(Figure 4-1B) deposition of the calcium phosphate. As can be seen from Figure 4-1A, the 
spectrum of 100% CS presents unique diffraction peaks at 2θ=~10.9° and 18.8° 2θ which 
can be assigned to 101 and 002 planes respectively.43 On the other hand, the spectrum of 
100% CEL presents unique bands at 2θ=10.9° and 20.0° 2θ, which are tentatively 
ascribed to reflections from 101 and 002 planes respectively.43 As expected, spectra for 
blend films containing both CEL and CS (i.e. 50:50 CEL:CS, and 60:40 CEL:CS) contain 
bands that represent an algebraic sum of the bands observed in individual spectra of 
100% CEL and 100% CS. This suggests that CEL and CS were successfully blended 
together without detectable changes in their crystal structures. This is hardly surprising 
given that the structures of CEL and CS are similar. The only difference between their 
structures is that CEL has an OH group on C-2 whereas CS has an amine group bonded 
to that same C-atom. Therefore, the two biopolymers can form hydrogen bonds through -
OH and -NH2 groups.  
Precipitation of calcium phosphate in situ on the polysaccharide films led to 
substantial changes in their corresponding XRD spectral traces (Figure 4-1A and B). In 
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the composites containing calcium phosphate, in addition to the bands ascribed to the 
polysaccharides, new bands appeared at 2θ=6.1±0.3° and 32.0±0.6°. Since our goal was 
to synthesize HAp in situ on polysaccharide matrixes, we compared these new bands to 
those of HAp standards and HAp reference JCPDS# 72-1243.44 These two standards 
show matching bands at various positions with the most pronounced peaks located at 
2θ=25.9° (002), 31.7° (211), 32.2° (112), 32.9° (300), and 34.0° (202) 2θ. Thus, the band 
at 26.1±0.3° in mineralized composite films can be tentatively assigned to the 002 plane 
of crystalline HAp.45 The band at 32.0±0.6° in mineralized composites was so broad that 
it could be a result of overlapping contributions from the planes 211, 112, 300, and 202. 
These results suggest that HAp was successfully deposited in situ in the polysaccharide 
matrices. However, HAp deposited on these polysaccharides was less crystalline than the 
standard HAp because compared to the peaks for XRD of standard HAp, the 
corresponding peaks in mineralized composites were broader. This is a significant finding 
because biological apatite is known to have a less crystalline form of HAp. Therefore, it 
is expected that the composites synthesized in this current study should behave similarly 
to the HAp in vivo. Specifically, they should be osteoconductive and be able to degrade at 
the same rate as the normal healing of the bone.  
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Figure 4-1 XRD spectral traces of polysaccharide films before (A) and after (B) 
deposition of calcium phosphate. For A: (i) 100% CS, (ii) 50:50 CEL:CS, (iii) 60:40 
CEL:CS, and (iv) 100% CEL. For B: (i) HAp standard, (ii) 100% CS+HAp, (iii) 50:50 
CEL:CS+HAp, (iv) 60:40 CEL:CS+HAp, (v) 100% CEL+HAp. The black bar graph at 
the bottom in (B) represents the indexed HAp peaks according to JCPDS# 72-1243. 
4.3.2. Characterization by FTIR 
FTIR was used to confirm both the regeneration of CEL and CS and their 
mineralization with calcium phosphate. As illustrated, regenerated CS film (Figure 4-2 
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(iii)) exhibited at bands around 3700-3250 cm-1 (overlapping O-H stretching vibrations 
and symmetric N-H stretching vibrations), 2900-2850 cm-1 (symmetric C-H stretch 
vibrations), 1657 cm-1 (C=O stretch, amide I), 1580 cm-1 (N-H deformation, amide II), 
1380 cm-1 (amide CH3 symmetrical deformation), 1319 cm
-1 (C-N stretch, amide III), and 
1150-890 cm-1 (C-O-C bending vibrations).43 Regenerated CEL film (Figure 4-2 (vii)) 
exhibited a broad band at ~3400 cm-1 due to stretching vibrations of H-bonded O-H 
groups. In addition, this spectrum exhibited bands at 2900-2850 cm-1 and 1150-890 cm-1 
due to sp3 C-H and deformations of the saccharide structure respectively.43 These bands 
for CEL and CS films were similar to the ones for their corresponding unprocessed 
powders suggesting that there were no chemical reactions that took place during the 
dissolution and regeneration from the ionic liquid. Similarly, the spectral traces of 
composites containing both CEL and CS exhibited bands that are a weighted sum of 
those bands observed in their pure component spectra. This further confirms 
compatibility between CEL and CS. This is beneficial especially in bone tissue 
engineering because the resultant composite is expected to possess properties derived 
from each one of these components. For example, as described in the previous sections, 
CEL and CS can impart tensile strength and antibacterial properties to the resultant 
composite film.  
Deposition of calcium phosphate led to substantial changes in the spectral traces 
of these polysaccharide composite films (Figure 4-2). Clear changes are noticed in the 
650-520 cm-1 region where the phosphate bands are well resolved from the 
polysaccharide bands.45,46,47 Essentially, whereas mineralized composites exhibited sharp 
peaks at 604 cm-1 and 563 cm-1, the same composites before mineralization do not show 
178 
 
any definitive peaks within this range. These bands are due to the υ4 or bending 
vibrational mode of OPO group (Figure 4-3). Although the band at 1038 cm-1 (v3) for 
HAp is overlapped by those attributed to the deformations of the saccharide structure, it 
is apparent that the intensity of this peak after mineralization has increased as compared 
to the intensity before mineralization. This further confirms that HAp was successfully 
mineralized onto the polysaccharide films. The band expected at 962 cm-1 was probably 
overlapped by those bands that appeared at the same position in the spectra of 
polysaccharides. The band at 1400 cm-1 in the mineralized films could be due to the 3v  
vibrations from
2
3CO .
47 This carbonate could have come from the atmospheric 2CO . 
Biological apatites have been found to contain different amounts of carbonate. This 
carbonate substitutes either OH (type A) or phosphate (type B) ions in the structure of 
hydroxyapatite. Overall, FTIR has shown that indeed HAp was successfully mineralized 
onto either CEL or CS or their corresponding composites. In addition, the nature of the 
HAp deposited is similar to the biological apatite. Therefore, these composite films 
represent the best platform to template HAp in a way that reflects the natural process. 
Consequently, these composites could also exhibit properties that are similar to the ones 
that are exhibited by natural bone.  
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Figure 4-2 FTIR spectral traces of polysaccharide films before and after deposition of calcium phosphate. (i) 60:40 CEL:CS, (ii) 50:50 
CEL:CS, (iii) 100% CS, (iv) 100% CS+HAp, (v) 50:50 CEL:CS+HAp, (vi) 60:40 CEL:CS+HAp, and (vii) 100% CEL. The inset 
shows a 650-520 cm-1 snapshot of the spectral traces of 100% CS (i), 100% CEL (ii), 100% CS+HAp (iii), 50:50 CEL:CS+HAp (iv), 
60:40 CEL:CS+HAp (v). 
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Figure 4-3 Vibrational modes of vibration of phosphate group. The arrows show the 
deformation of P-O and OPO bonds and angle respectively. Data given in brackets 
indicate the vibrational frequency for phosphate in HAp. 
4.3.3. SEM images of the composite films 
SEM was used to reveal the texture and morphological changes that took place as 
a result of deposition of calcium phosphate onto the polysaccharide composite films 
(Figure 4-4). As illustrated, the SEM images of pure component films i.e. CEL and CS 
are homogeneous without any noticeable features or any signs of phase separation. Closer 
inspection of these two images reveals some fibrous-like structures with diameters of 
about 0.5-1.0 µm in CEL. The CS image shows a smoother texture. In addition, this CS 
image showed a dense surface without any signs of micro porous structure. This could be 
due to reformation of more H-bonds within CEL structure than within the CS structure. 
Chitosan contains bulky acetyl and amino groups compared to only OH groups in CEL. 
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Thus, CEL can reform more extensive H-bonds than those formed in CS. Consequently, 
CEL chains interact to form a fibrous structure. Interestingly, 50:50 CEL:CS composite 
film was not only homogeneous but its morphology is more similar to that of pure CS 
film. Specifically, it has a smooth structure without any visible fibrous structures. This 
suggests that the formation of H-bonding in CEL is inhibited by the presence of CS 
chains. In fact, CEL chains probably formed new H-bonds with CS to give a composite 
which is more disordered than pure CEL film.  
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Figure 4-4 SEM Images of 100% CEL, 100% CS, 50:50 CS:CEL and their corresponding calcium phosphate composites. 
100% CEL 100% CS 50:50 CEL:CS 
100% CEL+HAp 100% CS+HAp 
50:50 CEL:CS+HAp 
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After mineralization with calcium phosphate, both the texture and morphologies 
of corresponding polysaccharide composites changed substantially. All mineralized films 
exhibited micro porous structure. In addition, the surfaces became very rough due to the 
formation of irregular particles on the surfaces of the polysaccharide composites. The 
particles formed on these polysaccharide surfaces tended to be spherical with a very wide 
distribution of sizes. In addition, the sizes of HAp particles tend to vary with the type of 
templating material. For example, the particles formed on these polysaccharide films 
seem to decrease in the order 100% CEL>100% CS> 50:50 CEL:CS. This can be 
rationalized by considering the steps involved in the formation of HAp onto these 
templates. It is well know that the initial step in the formation of HAp involves 
nucleation. Subsequently, these nuclei grow in size as more HAp gets deposited on top of 
them.36,48 Soaking the films in 2CaCl  enables 
2Ca to bind to the lone pairs of either O in 
OH and N in NH2 in CEL and CS respectively. This provides a local super saturation of 
Ca2+ in the tiny hollow spaces in the polysaccharide structure. Then, when these films are 
dipped in phosphate solution, these ions diffuse into the polysaccharide structure where 
upon meeting the Ca2+, they form an insoluble precipitate of calcium phosphate. This acts 
as an initial nucleus for subsequent growth. These nuclei grow by up taking more Ca2+ 
and 
3
4PO from the solution. On one hand, CEL, with its fibrous structure, would have 
small hollow spaces which would ease the nucleation of HAp. CS, with its dense and 
non-porous structure, would not have such spaces. Consequently, there is more room for 
nucleation and growth of particles on CEL than on CS. Interestingly, when these two 
polysaccharides were blended together, the resultant composite film (50:50 CEL:CS) 
seems to inhibit the growth of HAp particles. The reduced growth in HAp particles could 
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be due to the presence of two different structures of the two different polysaccharides. 
Therefore, it is clear that the size of HAp deposited on different templates will vary with 
the type of the templating material. This may have implications in the applications of 
these composites for different types of bone tissue. 
4.3.4. Tensile tests for the composites  
Tensile strength is a very crucial property that has to be considered in designing 
scaffolds meant to be used in bone tissue engineering/implants. This is so because any 
mismatch between the tensile properties of the scaffold and the bone to be regenerated 
can be catastrophic. If the implant material is too strong, the bone tissue in close 
proximity to the implant may get resorbed thereby creating more problems. If the 
material is too weak, it may break under load and this would delay the healing process. 
We, therefore, evaluated the tensile properties of our mineralized films. It should be 
noted that CS is so mechanically weak that it is difficult to use it by itself for any load 
bearing applications such as bone tissue implants. However, its innate antibacterial 
activity makes it more attractive to use in bone tissue scaffolds to keep the implant site 
free from bacteria thereby speeding the rate of bone healing. Since CEL is known to 
possess superior mechanical strength,39 its combination with CS is expected to improve 
the mechanical properties of the latter. This would be very attractive because the resultant 
composite would have desirable properties of the individual components that is superior 
mechanical strength and antibacterial efficacy. 
To confirm this possibility, we measured the tensile properties of our mineralized 
composite films. As illustrated in Figure 4-5, adding CEL into [CS+HAp] composite 
films resulted in a substantial increase in tensile strength. For example, the tensile 
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strength of [CEL+CS+HAp] composite with 80% CEL is 1.9X higher than that of the 
[CEL+CS+HAp] with 20% CEL. Furthermore, the tensile strength of these composites 
can be a systematically adjusted by varying the proportional content of CEL in the 
[CEL+CS+HAp] composite films. Thus, the composite films developed in this study 
helps to overcome the major limitation that was precluding the use of CS in load bearing 
applications. 
 
Figure 4-5 Tensile strength of mineralized composite films 
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4.3.5. Determination of Ca/P molar ratio in the composite films 
The molar ratio of Ca/P helps in elucidating the structure of Ca and P in the 
calcium phosphate precipitate. Stoichiometric apatite has Ca/P ratio of 1.67. However, 
this ratio varies in biological apatite depending on the species from which the bone was 
taken.49 We therefore, determined this ratio by two methods. The first one involved the 
determination of Ca and P in the bulk sample. The second one involves the determination 
of this ratio on calcium phosphate which is basically on the surface of the film 
composites. Both the surface and bulk ratios are important in the design of bone tissue 
scaffolds. This is so because during the early stages the surface chemistry determines the 
osteoconductivity of the implant. As the implant gets biodegraded, the inner surfaces get 
exposed and also get to interact with the biological environment.  
Initially, the concentration of Ca and P were determined by flame AA and by UV 
Visible spectroscopy techniques respectively. In each of these techniques and for each 
composite, the determination was performed in triplicate and the average values together 
with their associated standard deviations are presented in Table 4-1. As illustrated, the 
Ca/P values for all the composites were equal, within experimental error, to the 
theoretical 1.67 value. This represents the bulk ratio of Ca/P in the films.  
 
 
187 
 
Table 4-1 Ca/P Values of Composite Materials Determined by Atomic Absorption (AA) 
and X-ray Photoelectron Spectroscopy (XPS). 
Composite Material Ca/P by AA Ca/P by XPS 
100% CS+HAp 1.60±0.03 1.28±0.09 
100% CEL+HAp 1.7±0.2 1.4±0.1 
50:50 CEL:CS+HAp 1.7±0.2  
60:40 CEL:CS+HAp 1.5±0.2  
 
 
X-ray photoelectron spectroscopy (XPS), an essentially a surface technique was 
also used to determine the chemical composition of these films. 
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Figure 4-6 X-ray photoelectron spectra (XPS) of mineralized pure [CEL+HAp] and 
[CS+HAp] films. Insets show deconvolution of (A) O1s band at 532 eV and (b) P2p band 
at 133 eV in [CEL+HAp]. 
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Table 4-2 Assignments of XPS bands for survey scans of [CEL+HAp] and [CS+HAp]. 
100% CEL+HAp  
(eV) 
100% CS+HAp  
(eV) 
Peak Assignment Species 
132.9 132.8 P2p3/2 PO43- 
133.6 133.8 HPO43- 
531.1 531.0 O1s PO43- 
532.4 532.2 HPO43- / -C-O- 
347.2 347.0 Ca2p3/2  
Ca2+ 350.7 350.5 Ca2p1/2 
284.9 284.8  
 
C1s 
-C-C- 
286.3 286.2 C-O (CS or CEL 
backbone) 
287.9 287.8 -O-C-O- 
 
As illustrated in Figure 4-6 and Table 4-2, the XPS spectra of both [CEL+HAp] 
and [CS+HAp] composites exhibit HAp bands at 350 eV ( pCa2 ), 439 eV ( sCa2 ), 133 eV 
( pP2 ), 191 eV  sP2 , and 532 eV  sO1 .
50,51 However, to gain more insights into the 
nature of bonding in HAp, the bands at 532 eV for sO1 and at 133 eV for pP2 were 
resolved into two contributing spectra for each band. The band at 531.1 eV for 100% 
CEL+HAp (or 533.0 eV for 100% CS+HAp) was assigned to sO1 from 
3
4PO whilst the 
band at 532.4 eV for 100% CEL (or 532.2 eV for 100% CS+HAp) was assigned to sO1
from 
2
4HPO or ether bond in the polysaccharide. The presence of 
2
4HPO is not 
surprising because the phosphate precursor, 42HPONa , was used. In addition to bands 
confirming the presence of HAp, the bands corresponding to the presence of the 
polysaccharides were also observed in the XPS survey scans of the composites. For 
example, the bands at 286.3 eV and 287.9 eV for 100% CEL+HAp correspond to sC1 for 
C-O and –O-C-O- in the polysaccharide structure respectively. Although these results 
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suggest that calcium phosphate was precipitated on the surfaces of the polysaccharides, 
they cannot determine the exact form of the calcium phosphate. This is because calcium 
phosphate exists in up to six different biologically relevant forms; hydroxyapatite (HAp), 
dicalcium phosphate dihydrate (DCPD), dicalcium phosphate (DCP), monocalcium 
phosphate (MCP), β-tricalcium phosphate (β-TCP) and octacalcium phosphate (OCP). 
These six forms differ in the molar ratio of Ca to P. For example, HAp has the highest 
ratio of 1.67 followed by β-TCP with a ratio of 1.5. Therefore, we used XPS to determine 
these ratios so that we could confirm the predominant form of calcium phosphate.  
The Ca/P molar ratios as determined by XPS are shown in Table 4-1. The 
integrated areas of Ca and P signals were scaled with the atomic sensitivity factors before 
the percentage composition was calculated. As illustrated in this table, the Ca/P molar 
ratios were found to be 1.4±0.1 and 1.28±0.09 in 100% CEL+HAp and 100% CS+HAp 
respectively. These values are consistently less than those found by AA and UV-Vis 
spectroscopy. This discrepancy may be due to the nature of these measurement 
techniques. Whereas XPS is a surface analysis technique, AA and UV-Vis measure the 
average amount in the whole sample. Thus, if the surface composition is different from 
the bulk composition, these two techniques are bound to give different values. This was 
indeed the case in this study. The differences in the surface and bulk compositions of 
these samples suggest that there were at least two forms of calcium phosphate in these 
composites. In fact, it has already been reported that films mineralized by the alternate 
soaking technique exhibit different molar ratios of Ca to P between the bulk and surface. 
This could be due to the initial formation of OCP with a theoretical Ca/P molar ratio of 
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1.3. Since new layers of calcium phosphate are formed on the surface, this form should 
therefore be predominant on the surface of these composites.  
4.4. Conclusion 
In summary, we have shown that it is possible to synthesize HAp-based 
polysaccharide composites by the novel alternate soaking technique. Unlike the other 
methods reported in literature, this currently developed method is simple, 
environmentally friendly and fast. XRD, FTIR, SEM, and XPS helped to confirm that a 
dense layer of HAp particles was formed via this efficient technique. In addition, as 
expected, CEL enhanced the mechanical properties of the [CS+HAp] composites. These 
results help to provide a platform for the development of potential bone tissue 
engineering materials. More interestingly, now by using CEL, the composites hold 
potential in their use in load bearing applications whereas HAp is to improve the 
osteoconductive properties of the composites.  
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CHAPTER 5 
SYNTHESIS AND CHARACTERIZATION OF POTENTIAL ANTIBIOTIC 
RELEASE PLATFORMS CONTAINING CELLULOSE, CHITOSAN AND 
KERATIN 
5.1. Background 
Optimum wound healing follows a well-orchestrated sequence of events that 
encompasses hemostasis, inflammation, migration, proliferation and maturation.1 
However, a condition such as a compromised immune function in HIV/AIDS and 
diabetic patients often disturbs this ordered progression of events.2-4 Consequently, the 
wound healing process would be prolonged. The delay poses a high risk of bacterial 
infection through the wound site, further impeding the wound healing process.5 In most 
cases, infection of these chronic wounds can be life threatening.4 Thus, wound healing 
can be facilitated by maintaining a bacteria-free wound site using antibiotics such as 
fluoroquinolones. Ciprofloxacin (CPX), a fluoroquinolone, is used widely in wound 
healing therapy. It exhibits excellent bacteriostatic and bactericidal activity against a wide 
range of bacteria that are implicated in wound infections such as Staphylococcus aureus, 
Enterococcus coli, and Pseudomonas aeruginosa.6  
Controlled release of the antibiotic to the wound site remains an elusive goal, 
which requires continued attention. Achievement of this goal would be accompanied by 
major clinical, social and economic benefits. Clinical benefits are derived from the 
capability of these platforms to potentially maintain therapeutic concentrations of the 
drug at the wound site for a prolonged period throughout the wound healing process. This 
helps to reduce or eliminate the chances of antibiotic resistance.7 Incidentally, controlled 
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drug delivery obviates the need for frequent administration of the drug which ultimately 
helps to improve patient comfort and compliance to the prescribed regimen. These serve 
as social benefits derived from using controlled drug delivery formulations. Since 
therapeutic amounts can be maintained for a prolonged period, the cost of repeated 
administration is either reduced considerably or eliminated. Despite all these benefits, the 
design of controlled drug delivery platforms continues to be a challenge. 
Synthetic and natural biopolymers exhibit great potential in controlling the release 
of encapsulated drugs over a prolonged period. However, synthetic polymers are 
becoming less attractive because they are derived from non-renewable petroleum 
reserves. Furthermore, synthetic polymers exhibit slow levels of biodegradation which 
pose a high risk of pollution. In contrast, natural biopolymers such as polysaccharides 
(e.g. cellulose and chitosan) and proteins (e.g. keratin and silk) are not only 
biocompatible but they tend to biodegrade into regular metabolites. Furthermore, they are 
naturally abundant, which help to guarantee an inexhaustible supply if they are used in 
any application. For example, cellulose is the most abundant natural biopolymer on earth 
followed by chitin. Most importantly, these biopolymers are generated as by-products in 
other industrial processes. For example, whereas chitin is a waste by-product of the sea-
food industry keratin is a by-product from the textile industry.  
Chitosan (CS), cellulose (CEL) and keratin (KER) have been evaluated, with 
positive outcomes, for their suitability in controlling drug release.8-21 Nevertheless, the 
use of either CS-only or KER-only films is precluded by their poor mechanical 
properties. Specifically, whereas CS-only film swells extensively in water,22 KER-only 
film is too brittle to be used conveniently in such applications.23 In contrast, CEL is well-
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known to exhibit superior mechanical properties.24 Therefore, it is conceivable that 
blending CEL with either CS or KER would improve the mechanical properties of the 
later. In fact, such composites have been synthesized and evaluated for their tensile 
properties. In all cases, it was found that increasing CEL loading resulted in a 
concomitant increase in tensile strength.24-26  
Hence, the aim of this study was to prepare CPX-loaded composite films 
containing various amounts of CEL, CS and KER. This was achieved by using 1-butyl-3-
methylimidazolium chloride, an ionic liquid, as a sole solvent to dissolve these 
biopolymers. Subsequently, these composites were evaluated for their suitability in 
controlling release of the drug, CPX. The results of these experiments and 
characterization are reported herein. 
5.2. Experimental Methods 
5.2.1. Chemicals 
Chitosan (MW≈310-375 kDa), derived from chitin from crustacean shells and 
microcrystalline cellulose (DP≈300),27 derived from cotton linters, were purchased from 
Sigma-Aldrich (Milwaukee, WI). The degree of deacetylation of chitosan (CS) was 
determined by an FT-IR method to be 84±2%.28 Raw sheep wool, obtained from a local 
farm, was cleaned by Soxhlet extraction with a 1:1 (v/v) acetone/ethanol mixture for 48 
h. The wool was then rinsed with distilled water and dried at 100±1 °C for 12 h.29 1-
Methylimidazole and n-chlorobutane (both from Alfa Aesar, Ward Hill, MA) were 
distilled prior to using for the synthesis of [BMIm+CL-].28 Ciprofloxacin (Scheme 5-1) 
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(TCI America) was used as the model drug. Double-distilled deionized water (18 MΩ 
cm-1) was used to prepare 1.0 mM phosphate buffer (pH 7.2). 
 
Scheme 5-1 Chemical structure of ciprofloxacin 
The protein standards, used to build a PLSR model to estimate the secondary 
structure of KER included: albumins (bovine serum albumin, BSA and human serum 
albumin, HSA); hemoglobin (horse, HEM); lysozyme (egg white, LYZ); myoglobin 
(horse skeletal muscle, MYO); pepsin A (porcine stomach, PEP); ribonuclease A (bovine 
pancrease, RNASE A); and trypsin inhibitor (soybean, SOY). Except for PEP and SOY, 
which were purchased from Worthington Biochemical Corporation (Lakewood, NJ), all 
the other protein standards were purchased from Sigma Aldrich (St Louis, MO). In 
addition, all the proteins were received in lyophilized powder form and they were used 
without further purification.  
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5.2.2. Instruments 
FT-IR spectra were recorded on a Spectrum 100 Series FTIR spectrometer 
(Perkin Elmer, USA) by the KBr method. Specifically, each composite film was cut into 
small pieces and ground into a fine powder. This powder (1.0 mg) was blended with 
oven-dried KBr (100.0 mg) in an agate mortar and pestle. The resultant blend was 
compressed into a disc which was in turn presented for FTIR measurement within the 
range 4,000-450 cm-1 at resolution of 2 cm-1. Each spectrum was an average of 64 
individual spectra. Near IR spectra of films were collected on an NIR spectrometer built 
in our lab. Each spectrum, measured in transmission mode, was an average of 1,000 scans 
taken at 2 nm intervals within the range 1300-2350 nm. X-ray diffraction (XRD) 
measurements were taken on a Rigaku MiniFlex II diffractometer utilizing the Ni filtered 
Cu Kα radiation (1.54059 Å). The voltage and current of the X-ray tube were 30 kV and 
15 mA respectively. The samples were measured within the 2θ angle range from 2.0 to 
40.0° at scan rate of 5° per minute. File conversion to a spreadsheet compatible type were 
accomplished using the Jade 8 program package.30 The surface and cross-sectional 
morphologies of the film composites were examined under vacuum with a Hitachi S-
4800 scanning electron microscope (SEM) at accelerating voltage 3 kV. Prior to SEM 
examination, the film specimens were made conductive by applying a 2 nm iridium-
coating onto their surfaces using an Emitech K575x Peltier Cooled Sputter Coater 
(Emitech Products, TX). The tensile strength of the composite films were evaluated on an 
Instron 5500R tensile tester (Instron Corp., Canton, MA) equipped with a 1.0 kN load 
cell and operated at a crosshead speed of 5 mm min-1. Each specimen had a gauge length 
and width of 25 mm and 10 mm respectively. In order to avoid slippage of the film 
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specimens during measurement, two pieces of sandpaper (20 mm x 20 mm) were folded 
over the specimen ends and clamped between the jaws of the tensile tester. 
Thermogravimetric analyses, TGA (TG 209 F1, Netzsch) of the composite films were 
investigated at a heating rate of 10 °C min-1 from 30-600 °C under a continuous flow of 
20 mL min-1 nitrogen gas. 
5.2.3. Preparation of Polysaccharide/Keratin/Ciprofloxacin Composite Films 
The procedure previously developed in our group,24 with slight modifications, 
was adopted to prepare Ciprofloxacin (CPX)-doped composite films containing varying 
weight proportions of CS, CEL and KER. Scheme 5-2 shows the typical steps followed in 
synthesizing the CPX-doped composite films. For the synthesis of composites containing 
KER, the clean wool was dissolved first before the dissolution of either CS or CEL. In a 
typical experiment, for the synthesis of CPX-doped 25:75 CS:KER film, 6X0.400 g 
portions of pre-cut wool pieces were dissolved in 40 g of [BMIm+Cl-] at oil bath 
temperature of 125±5 0C under nitrogen atmosphere. Each portion was being added after 
the previous one had completely dissolved. It took about 6 h to dissolve the 6 portions of 
wool. After the dissolution of wool, the temperature was lowered to 90 0C before 
2X0.400 g portions of CS were also dissolved in the same solution. This took a further 4 
h. Subsequently, 16 mg CPX (equivalent to 0.5% with respect to total weight of 
biopolymers) was added and allowed to dissolve for a further 2 h. The viscous solution 
was then cast onto Mylar sheet. The solution was left to gel at room temperature for 24 h. 
[BMIm+CL-] was then removed by washing the gel film in 2 L CPX-saturated water. 
Fresh CPX-saturated water was replaced every 24 h for 72 h. CPX-saturated water was 
chosen to minimize the dissolution of CPX from the film. The [BMIm+CL-]-free film 
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samples were then air dried in a custom-designed air chamber with relative humidity 
controlled at around 60%. All the other compositions were synthesized the same way. 
 
Scheme 5-2 Synthesis of ciprofloxacin (CPX)-loaded composite films containing CEL, 
CS, and KER. 
5.2.4. Procedure used to measure in vitro release of ciprofloxacin from CPX-doped 
CEL/CS/KER composite films 
In vitro CPX release from the CPX-doped composite films was monitored by the 
fluorimetric method. The method, initially designed in our group for the measurement of 
organic pollutant adsorption,28 was modified to suit the measurement of in vitro CPX 
release. Specifically, 3.0-3.5 mg composite film, cut into a rectangular shape (4.3±0.2 
mm X 4.1±0.3 mm X 0.18±0.02 mm length X width X thickness), was put into a standard 
10-mm fluorescence cell. A PTFE mesh, cut to fit in the cell, was laid flat on top of the 
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composite film. A tiny stir bar (7 mm x 2 mm x 2 mm L x W x H) was then placed on top 
of the mesh. Exactly 3.5 mL of 1.0 mM phosphate buffer pH 7.2 was added into the cell. 
The cell was closed with a cell stopper before being immediately presented to the PTI 
QuantaMaster 40 spectrofluorometer (PTI, Birmingham, NJ). The release of CPX was 
then monitored by recording fluorescence spectrum (excitation wavelength, λexc = 324 
nm;  emission range 350-520 nm; 2 nm interval; 0.4 sec integration time; 0.50 nm and 
0.25 nm entrance and exit slit widths respectively) of the buffer solution at specific time 
intervals for 10 h. The samples were then left to stir for a further 14 h before the last 
measurement was taken. This final measurement was considered to correspond to the 
amount of CPX released at equilibrium. The amount of CPX released at each time point, 
Mt, was calculated by using a calibration curve generated at emission wavelength 418 
nm. As an example, the following linear relation 
 999.0;227,6][*390,168418  rCPXI nm  was used to calculate the concentration of 
CPX in ppm. The calibration standards covered the concentration range 0.0 to 4.0 ppm. A 
preliminary experiment was carried out using placebo films (that is, sample without 
CPX) to determine the background effects from the biopolymer (either CEL or CS or 
KER) matrix alone. It was found that, besides a vertical offset in background, no 
emission bands appeared in the emission spectra. Thus, simple background correction 
was applied to all spectra before reading off the emission intensity at 418 nm. Another 
experiment was designed to determine the stability of CPX released within the entire 24 
hours. For this, we measured the fluorescence of a buffer solution containing the same 
concentration as the one released at equilibrium (i.e. the concentration corresponding to 
the amount released within the entire 24 h). The signal intensity remained constant 
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throughout the entire period. The results suggests that CPX was stable during the entire 
releasing period. 
5.2.5. Analysis of kinetics data 
In vitro release data were fitted to four different kinetic models; zero order,31,32 
first order,31-34 Higuchi,35,36 and Korsmeyer-Peppas37-40 models. Zero order model is 
based on the assumption that the rate of drug release is independent of its concentration. 
It is represented by the equation:  
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Eq. 5.1  
where MM t  is the fractional release of the drug at time, t in hrs and K is the zero 
order rate constant. The first order model describes a system where the release rate is 
concentration dependent; it is represented by the equation: 
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Eq. 5.2  
 
where K1, the first order rate constant, is taken as the slope of a plot of   MM t1ln  
against time, t . Higuchi model, sometimes referred to as the square root law because of 
the square root of time dependence of drug released, is based on Fickian diffusion of the 
drug from the matrix. This relation is valid only during the early times of drug release; 
namely the time up to 60% release of the drug. However, not all systems can be described 
by the Higuchi model. Thus, a more general model, the Korsmeyer-Peppas model or 
Power law, was developed to describe models including those deviated from Fickian 
206 
 
diffusion. The model relates fractional release to time through an empirical exponent, n 
and a rate constant, pK . The model is represented by the following equation: 
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Eq. 5.3  
 
Data is fitted using the relation above in the early releasing time is as in the Higuchi 
model. Higuchi model is a special type of Korsmeyer-Peppas model with n=0.5 for the 
former. The value of n is used to describe the mechanism of drug release.37-40 According 
to this Korsmeyer-Peppas model, for drug release from films, when n=0.5 release is 
governed solely by Fickian diffusion. A value of n=1.0 is considered to be due to Case II 
transport of the drug. Values of n between 0.5 and 1.0 are considered to be due to 
anomalous transport of the drug which is basically a superposition of Fickian diffusion 
and Case II drug transport. 
5.2.6. Quantitative analysis of secondary structure of proteins 
5.2.6.1. Partial Least Squares Regression (PLSR) 
Partial least squares regression (PLSR) analysis was performed using 
Unscrambler X 10.1 software (CAMO Inc., Oslo, Norway). A detailed treatise of this 
subject matter has been presented in the following sections. Briefly, PLSR builds a linear 
model that relates two data matrices, the predictors ( X ) and the response (Y ) matrices to 
each other by using an advanced form of least squares fitting technique. In the present 
study, X contains the spectra of each of the eight protein standards from 1696- to 1623 
cm-1; this frequency range was chosen because it was reported to contain much 
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information about the secondary structure of the proteins.41-44 Y contains information 
about the secondary structure of the standard proteins. Cross model validation coupled to 
Jack-knifing was used for selecting X-variables that were strongly correlated to the 
secondary structure of the proteins.45,46 Before applying PLSR, data was pretreated by 
baseline correction, autoscaling by standard normal variate (SNV) and then mean 
centering, in that order. All these routines are already embedded in Unscrambler software 
that was used in this study. 
The X-ray structures of the eight proteins, constituting our reference set, were 
taken from the Protein Data Bank (PDB).47 The secondary structure of these proteins was 
then evaluated using the algorithm Define Secondary Structure of Proteins (DSSP), 
which is integrated in the PDB program. The DSSP algorithm works by assigning 
secondary structure to the amino acids of a protein given the atomic resolution 
coordinates of the protein. Details on this method are presented elsewhere.48 Based on 
this algorithm, eight types of secondary structure are assigned. However, in the present 
study, only three groups were considered viz α-helix, β-sheet and the remainder was 
assigned to unordered group. The proteins used together with their PDB IDs and the 
assigned secondary structures are presented in  
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Table 5-1 Table of secondary structure of standard proteins as determined by the DSSP 
algorithm integrated in PDB program. 
 
Protein PDB ID Custom Code Source fα fβ fr 
Albumin 4F5T BSA Bovine serum 0.727 0.000 0.280 
Hemoglobin 1Y8K HEM Horse 0.770 0.000 0.230 
Albumin 1BJ5 HAS Human serum 0.710 0.000 0.290 
Lysozyme 1LYZ LYS Chicken egg 
white 
0.380 0.100 0.520 
Myoglobin 205T MYO Horse skeletal 
muscle 
0.750 0.000 0.250 
Pepsin A 3PEP PEP Porcine stomach 0.150 0.430 0.420 
Ribonuclease A 2AAS RNASE A Bovine pancreas 0.200 0.330 0.470 
Trypsin inhibitor 1AVU SOY Soy bean 0.010 0.400 0.590 
 
5.2.6.1.1. Notation 
X  is an m x n matrix where m represents the number of observations or standard 
samples and n represents the total number of dependent variables or 
frequency/wavenumber variables. Y  is an m x p matrix of m samples and p response 
variables or secondary structure motifs. B  represents an n x p matrix of regression 
coefficients. 
5.2.6.2. Theory 
Partial least squares regression (PLSR) is a multivariate regression technique that 
has found an ever increasing use in a wide range of applications including the objective 
determination of the secondary structure of proteins.49-53 As a multivariate technique, it is 
based on the assumption that there is a linear relationship between spectral data and 
component concentration as represented by the equation BXY * , where Y is a 
response matrix containing the information about the secondary structure motifs (i.e. α-
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helix and β-sheet) for each sample; X is a predictor matrix containing information about 
the spectra of each sample; and B is a matrix containing regression coefficients obtained 
by PLSR. 
The objective in PLSR is to estimate B-matrix by taking into account the 
covariance between X - and Y -variables simultaneously. Its main advantage over 
multivariate linear regression (MLR) technique is that PLSR can analyze data with 
strongly collinear (correlated), noisy, and numerous X -variables.54 In addition, in PLSR, 
one does not need to know all the components contributing to the signal, only the 
significant ones are needed. Furthermore, PLSR outperforms principal components 
regression (PCR) in that the former models the systematic variation in both X - and Y -
matrices whereas the latter models just the X -variance. Thus, the principal components 
(PCs) obtained in PCR may be sub-optimal in predicting Y -variables.55  
In PLSR, just like in any other multivariate analysis technique, the first step is to 
build the model and then use the model to predict the unknown Y -matrix. Building the 
model involves estimating B -matrix (a matrix regression coefficients) using a training or 
calibration set. This is achieved by finding a few “new” variables, X -scores (represented 
by T -matrix), which are estimates of the latent (non-observable) factors. These latent 
factors are extracted from X -matrix in order to explain as much variation in reference Y  
as possible and at the same time accounting for the variation in X . Most importantly, the 
X -scores obtained by PLSR are orthogonal which helps to overcome multicollinearity 
problem.56 The X -scores are estimated as linear combinations of the original X -
variables with the weight matrix, W . These are represented in the form, WXT * .56 
The common form of PLSR is represented by the equation '*ˆ PTX  where T and P are 
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the scores and the loadings matrices respectively. The apostrophe (‘) symbol represent 
the transpose operation. Likewise, Y -scores, (represented by the matrix U ) can also be 
multiplied by C , the weight matrix of Y -scores to give the relation, '*ˆ CUY  . Since 
X -scores are good predictors of Y , '*ˆ CTY  . The relation WXT * can then be 
substituted for T in '*ˆ CTY  to give '**ˆ CWXY  . By comparing this relation with the 
multivariate relation, BXY *ˆ  , B -matrix can be estimated from the relation, 
'*ˆ CWB  .56 This estimated matrix of regression coefficients is then used to estimate Y -
matrix of the unknown sample. 
5.2.6.3. Non-linear iterative partial least squares algorithm (NIPALS)  
Non-linear iterative partial linear least squares (NIPALS) algorithm is used to 
develop the PLSR model. The details of this algorithm are described elsewhere.54,55 In 
short, it involves, 1) estimating X weights, W ; 2) estimating X -factor scores; 3) 
estimating Y weights, C and 4) estimate Y -scores, U in an iterative manner. After each 
factor, l, is extracted, the X -matrix is “deflated” by subtracting ll pt * from X -matrix. 
The result is a matrix of residuals, 1lE . The second latent factor is then extracted from 
this matrix of residuals rather than from the original X -variables themselves. The whole 
process is repeated until a predetermined number of components has been extracted.  
5.2.6.4. Evaluating the quality of the model 
The quality of the model can be affected by the number of latent factors and the 
significance of the X -variables chosen to build the model.  
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5.2.6.4.1. Choosing the optimum number of latent vectors 
The optimum number of latent factors helps to prevent over-fitting, which is a 
case whereby the information that was used to build the model was not useful to predict 
responses for the new observations.55,57 Cross validation and bootstrap techniques are 
usually used to prevent over-fitting.58 In the present study, cross validation was used to 
choose the optimum number of latent factors to build the PLSR model. Specifically, 
leave-one-out cross validation was used. In this technique, observations or samples are 
separated into two subsets, the training set and the test set (Figure 5-1). A PLSR model is 
built on the training set and subsequently used to predict the test set. A different 
observation is left out and the previously left-out observation is added back to the training 
set. Another PLSR model is built on this new training set and subsequently used to 
predict the new test set. This is repeated until all the observations had a chance to be left 
out from the training set and used as the test set. All these predicted observations are 
stored in the matrix, Yˆ .  
 
Figure 5-1Diagram to show the flow of operations during cross validation.  
1, 2, 3, 4 
5, 6, 7, 8 
 2, 3, 4 
5, 6, 7, 8 
Training set 
1 
Testing set 
 
Predict 
testing set 
Build model  
PLSR model 
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The quality of the PLSR sub-models is evaluated using the parameter root mean 
squared error of cross validation (RMSECV) (Eq. 5.4) where l represents the number of 
latent factors; i represents the ith CV segment. The smaller the value of RMSECV the 
better the model. The number of latent factors that gives the lowest RMSECV is thus 
chosen as the optimum number of latent factors.   
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Eq. 5.4  
  
Another parameter, the coefficient of determination, 2R , is also used to assess the 
model quality. This is calculated for l-number of factors, as shown in Eq. 5.5. The higher 
the value of 2R the better the model. Using this parameter together with RMSECV
ensures the optimum latent factors.  
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5.2.6.4.2. Choosing the optimum X-variable set 
It is essential to identify those X -variables that are relevant for predicting the 
response matrix, Y . To this end, several approaches have been developed to choose the 
optimum set of variables that are strongly correlated with the response variable (s).52,59-62 
We chose cross model validation (CMV) for variable selection.61 In this CMV, one 
sample is left out whilst the remaining sample set is subjected to PLSR with cross 
validation (CV). In CV, each sample in the CMV sub-model is left-out in turn and PLSR 
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is used to generate regression coefficients, bi on the remaining set. The uncertainty for 
each regression coefficient, s2 (b) is calculated by Jack-knifing as illustrated in Eq. 5.6 
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Eq. 5.6  
 
These variances can then be used to calculate the t-statistic, )(bsbtb  . These t-statistic 
are then converted to p-value. Any X-variable that gives a p-value less than 0.05 is 
considered significant. Each time an X-variable is found to be significant, it is given a 
score of one (1). Therefore, the maximum possible score for each X-variable corresponds 
to the number of CMV segments. The X-variables exhibiting the highest score are 
combined into a new set which is then used to build a PLSR model. Another set of 
variables exhibiting the next highest score is added to this highest-frequency set. Another 
PLSR model is generated. This is continued until all the X-variables with a score of at 
least one (1) is included to make a PLSR model. These models are then compared using 
RMSECV and R2 values. The X-variable set giving a PLSR model with the lowest 
RMSECV and highest R2 value is then considered to be the optimum set. This is then 
used to build a PLSR model which is later used to predict unknown Y-response matrix. 
The steps involved in CMV are described in point form below. 
1) Leave out one sample. The rest constitute a cross model validation (CMV) set 
2) Generate regression coefficients of each CV segment of this CMV set by using 
PLSR 
3) Compute p-values for each X-variable corresponding to each Y-variable by using 
Jack-knifing 
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4) Assign a score to of one (1) each time an X-variable appears significant (p<0.05) 
in predicting at least one of the Y-variables 
5) Add back the sample that was previously left out in the previous CMV model. 
Leave out a different sample. The rest constitute a new CMV set.  
6) Repeat steps 2-5 until each one of the samples had a chance to be left out of the 
CMV model 
7) Total the scores for each X-variable 
8) Build a PLSR model using only X-variables that exhibit the highest frequency of 
significance and calculate R2 and RMSECV 
9) Add X-variable set that gave the next highest frequency of significance and 
calculate R2 and RMSECV as before 
10) Repeat step 9 by adding an X-variable set with the next highest significance each 
time until an X-variable set with the frequency of significance of at least one (1) 
is included in the PLSR models 
11) Choose a set of X-variables giving PLSR model with the highest R2 and lowest 
RMSECV. 
5.3. Results and Discussion 
5.3.1. Synthesis of [CEL/CS+KER] blend films using ionic liquid solvent 
We successfully synthesized one- (CEL, CS, and KER), two- ([CEL+KER], 
[CS+KER], and [CS+KER]) and three- ([CEL+KER+CS]) component films using 
BMIm+Cl- to dissolve CEL, CS and KER. As shown in Scheme 5-2, wool dissolution 
was carried out at a higher temperature than the temperature that was used in dissolving 
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either CEL or CS. This can be rationalized by considering the bond network that is 
present in these bio-macromolecules. The three dimensional structures of CEL, CS, and 
wool are stabilized by both intra- and inter-molecular hydrogen bonding. However, wool 
has additional type of bonding network, namely it has an extensive network of disulfide 
(-S-S-) linkages both within and between its protein chains. This additional bond network 
is responsible for the tightness texture of wool fibers. This close structure impedes the 
penetration of solvent molecules into the wool fibers. As a result, more thermal energy is 
required to disrupt the secondary structure of wool before it can dissolve the wool. In the 
early stages after adding wool to the IL, the wool fibers swelled. It seems that, during this 
stage, IL molecules slowly diffuse into the wool fibers from the outer into the inner layers 
thereby weakening the interactions between the polymer chains. Subsequently, the chains 
would disentangle and eventually the IL breaks the disulfide linkages by reducing them 
to thiol (-SH) form. However, upon exposure to air, these thiol groups can easily be re-
oxidized back to the disulfide linkages. In addition, oxygen radicals form, which in turn 
react with the biopolymers leading to undesirable side products. To eliminate the 
possibility of formation of these undesirable products, the dissolution was carried out 
under nitrogen atmosphere. When synthesizing two- or three-component films, the 
polymers addition order is very critical. For example, all KER-based composites were 
synthesized by first dissolving the wool. This was primarily because the dissolution of 
wool required a high temperature whilst the dissolution of the polysaccharides required 
lower temperature conditions. Therefore, to reduce any possible thermal degradation of 
CEL or CS (which can adversely affect the desirable properties of these components), the 
temperature was reduced from 125 °C to 90-105 °C before either CEL or CS was added. 
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It should be pointed out that when CEL was added in 1% weight portions to KER, the 
latter enwrapped around the former. This led to the formation of small lumps of CEL, 
which were found to be difficult to dissolve. This was avoided by adding as low as 0.5% 
weight portions of CEL. For the synthesis of [CEL+CS] composites, CEL was dissolved 
first before adding CS. If CS was to be dissolved first, it would form a very viscous 
solution which would make it difficult to dissolve CEL. This could have an adverse effect 
on the homogeneity of the resultant composite material. The drug, CPX was added last 
and it took about 2 hr to dissolve. 
The gel films were then washed with water to allow the IL to diffuse from the 
biopolymer into the water. However, this was only done for composites that did not have 
any CPX. For samples that contained CPX, a CPX-saturated aqueous solution was used 
in place of water to minimize the risk of losing the drug by leaching into the water. 
5.3.2. Spectroscopic characterization 
5.3.2.1. FTIR spectroscopy 
We used FTIR spectroscopy to 1) confirm that the chemical structures of the 
biopolymers remained intact during regeneration from the IL; 2) confirm that the IL was 
quantitatively removed from the composite films by washing in water; 3) study the 
chemical interactions amongst the different biopolymers forming the composite films; 
and 4) determine the secondary structure of keratin in wool, regenerated KER, 
[CEL+KER] and [CS+KER] composite films. 
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5.3.2.1.1. Qualitative assessment of the chemical structures of the composite films 
FTIR spectra of wool exhibited characteristic bands that are primarily assigned to 
the vibrational modes of peptide bonds in proteins. For examples; the bands at 1700-1600 
cm-1 and 1550 cm-1 are due to amide C=O stretch (amide I) and C-N stretch (amide II) 
vibrations respectively.63 In addition, a band at 3280 cm-1 is ascribed to N-H stretch 
vibration (amide A), and a band at 1300-1200 cm-1 is ascribed to the in-phase 
combination of N-H bending and the C-N stretch vibrations (amide III). This finding is 
expected since wool contains more than 95% of the protein keratin.64 Interestingly, the 
FTIR spectrum of wool lacks a band at 1745 cm-1, which is known to be due to lipid ester 
carbonyl vibrations.65 This suggests that Soxhlet extraction quantitatively removed all 
residual lipids from wool. Interestingly, upon regenerating KER from wool no new IR 
signatures were observed in the FTIR spectrum of regenerated KER. The results seem to 
suggest that wool was dissolved by IL without any chemical modifications.  
As described above, the regenerated KER film has rather limited applications if 
used by itself, because it possesses poor mechanical properties (vide infra). Therefore, it 
is desirable to use either CEL or CS to improve the mechanical properties of KER-based 
composites. We therefore, prepared blend films containing varying proportional amounts 
of KER with CS and /or CEL. FTIR analyses of raw and regenerated CS and CEL and 
their blend films have been covered in detail in Chapter 2 and in an article published by 
our group.28 Therefore, their detailed discussion will not be the focus of this section. 
However, we report on the FTIR analyses of composites containing each of these 
polysaccharides (CS and CEL) and KER i.e. [CEL+KER] and [CS+KER]. Figure 5-2 
shows the FTIR spectra of [CEL+KER] (A) and [CS+KER] (B) with different 
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compositions. As expected, the spectra of these blend films exhibit bands that are 
characteristic of their respective components. Furthermore, the intensities of these bands 
tend to correlate well with the concentration of the respective constituents in the films. 
For example; the band between 1200- and 900- cm-1 (due to sugar ring deformations) 
increased in relative intensity as the proportional amount of CEL increased in the 
[CEL+KER] composite films (Figure 5-2A). Similarly, the intensity of the amide I and 
amide II bands increased with concomitant increase in the relative amount of KER in the 
same [CEL+KER] composite films. Similar trend was noticed in the spectra of 
[CS+KER] composite films (Figure 5-2B). It is noteworthy that, in all composite films 
([CEL+KER], [CS+KER] and [CEL+KER+CS]), no new peaks were observed in their 
FTIR spectra. Essentially, their spectra are a superposition of the spectra of their 
corresponding individual components. This, as noted earlier, helps to maintain the 
desirable properties of these three components in the composites. Specifically, these 
composites are expected to retain their ability to control drug release (due to KER), to kill 
bacteria (due to CS) and to be mechanically strong (due to CEL). 
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Figure 5-2 FTIR spectra of (A) [CEL+KER] and (B) [CS+KER] composites. The spectra 
of CEL powder (A, purple) and CS powder (B, purple curve) were included for reference. 
 
 
0.00
0.50
1.00
1.50
2.00
2.50
3.00
5001000150020002500300035004000
A
b
so
rb
an
ce
Wavenumber (cm-1)
raw CEL 100% CEL 75:25 CEL:KER
60:40 CEL:KER 50:50 CEL:KER 40:60 CEL:KER
25:75 CEL:KER 100% KER wool KER
0.00
0.50
1.00
1.50
2.00
2.50
5001000150020002500300035004000
A
b
so
rb
an
ce
Wavenumber (cm-1)
raw CS 100% CS 75:25 CS:KER 60:40 CS:KER
50:50 CS:KER 40:60 CS:KER 25:75 CS:KER 100% KER
220 
 
The FTIR of composite films containing the drug, CPX exhibited no characteristic 
bands for CPX. This was hardly surprising considering that the ratio of biopolymer to 
CPX (200:1) was too high. Therefore, it is surmise to suggest that the CPX content was 
too low to be detected by FTIR. However, when fluorescence, a relatively more sensitive 
technique is used, the results show that CPX was indeed present in the composite films. 
This was confirmed during drug release because over time, the fluorescence of the 
solution in its CPX-doped composite was present, increased as more CPX was released 
from the composite films.  
5.3.2.1.2. Determination of secondary structure of keratin protein 
As stated in the previous section, the main chemical framework of KER remained 
intact throughout the regeneration process. Nevertheless, the secondary structure of KER 
could have been modified during this process. Such conformational changes could 
adversely affect the desirable properties of KER including its ability to control the drug 
release and the corresponding mechanism.65 Thus, it is essential to determine the 
secondary structure of the KER composites. Many techniques have been used to 
accomplish this task with various levels of success. X-ray diffraction (XRD) has emerged 
as the most accurate given that it gives precise atomic coordinates. Nevertheless, this 
technique is limited to crystalline samples. XRD cannot be used because the composites 
synthesized here are amorphous. Thus, we considered the use of FTIR to probe the 
secondary structure of KER. This is possible because amide I band in FTIR spectra of 
proteins is known to be sensitive to the secondary structure of proteins.66-68 Each 
conformation gives rise to somewhat different C=O stretching frequency due to variation 
in the H-bonding pattern. However, amide I band is broad and featureless due to 
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extensive overlap of the underlying component bands which are both broad and too close 
to be resolved by FTIR spectroscopy. Thus, mathematical methods based on narrowing 
the component bands, thereby making them resolvable, have been used to determine the 
secondary structure of proteins.68 We, therefore initially evaluated the possibility of using 
this method to estimate the secondary structure of KER. This was accomplished by 
deconvoluting the bands, amide I and II (1750-1450 cm-1) using Peak Analyzer tool 
embedded in the Origin Pro 9.0 software (OriginaLab, USA). The amide bands were 
resolved into individual Gaussian shaped peaks. Typical results obtained for 
deconvoluting amide I band for wool and 100% KER are illustrated in Figure 5-3A and 
B. As illustrated, amide I band was resolved into three separate bands that are assignable 
to α-helix, β-sheet and random conformations. The proportional content of each of these 
conformations was then calculated by dividing the integrated area of the corresponding 
conformation by the total integrated area for all the three bands. These results are shown 
in Table 5-2. We included results for calculation made by changing the amide spectral 
region by either 1 cm-1 or 2 cm-1 in either direction. This was done to investigate the 
sensitivity of this deconvolution approach to the changes in the spectral region. As shown 
in this table, it is evidently clear that changing the spectral region has a substantial effect 
on the results obtained. For examples; by changing the region by 1 cm-1 from 1750-1450 
to 1751-1451 cm-1 for wool led to a 15% increase in the content of α-helix whereas β-
sheet content decreased by 31%; Likewise, for 100% KER, α-helix increased by 5.55 
whereas β-sheet content decreased by 23%. Similar trends were observed when the 
spectral ranges were changed by 2 cm-1. These results show that deconvolution of the 
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amide bands is very subjective and varies with even slight changes in the spectral region 
studied. 
 
 
Figure 5-3 Resolution enhancement of the amide I band of wool (A) and 100% KER (B) 
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Table 5-2 Secondary structure of wool and regenerated KER as determined by curve 
fitting. 
 Spectral range 
(cm-1) 
α-helix β-sheet Random coil R2 
Wool, this work 1750-1450 0.454 0.206 0.341 0.9984 
Wool, this work 1751-1451 0.522 0.132 0.336 0.9947 
Wool, this work 1752-1452 0.519 0.139 0.342 0.9945 
Wool, this work 1749-1449 0.541 0.153 0306 0.9945 
Wool, this work 1748-1448 0.547 0.157 0.296 0.9943 
      
Wool, Ref 1 1750-1450 0.34 0.25   
Wool, Ref 2 1740-1580 0.47 0.33 0.19  
Wool, Ref 3 1750-1450 0.582 0.379 0.039  
      
100% KER 1750-1450 0.544 0.079 0.378 0.9976 
100% KER 1751-1451 0.574 0.060 0.366 0.9950 
100% KER 1752-1452 0.589 0.067 0.344 0.9951 
100% KER 1749-1449 0.598 0.074 0.328 0.9950 
100% KER 1748-1448 0.611 0.086 0.303 0.9950 
 
Although deconvolution is widely popular due to the ease of carrying out, it falls 
as being very subjective. Thus, it is important to use a more objective method that is 
robust. To this end, we investigated the possibility of using partial least squares 
regression (PLSR), a multivariate technique that has been applied in the determination of 
the secondary structure of proteins other than keratin. We modeled only two structural 
motifs, α-helix and β-sheet although the structure of proteins also contains random coil or 
disordered. Only α-helix and β-sheet were selected because their FTIR spectra are more 
defined than the spectra linked to random coil. Furthermore, the spectra linked to random 
coil vary from protein to protein making it difficult to accurately model this motif. 
Therefore, the remaining fraction, that is the fraction not attributed to any of α-helix and 
β-sheet, was assumed to be associated with random structures.  
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The first stage in any multivariate technique is to select a set of predictor (X) 
variables which correlate well with the response (Y) variables under study. In our case, 
we used cross model validation (CMV) with Jack-knifing to estimate p-values for each 
X-variable as described in the previous sections.69 Only X-variables with p-values less 
than 0.05 on either α or β were retained in the model. We then recorded the number of 
times each X-variable was found to be significant in the eight inner models of CMV 
(Figure 5-4). A set with variables exhibiting the highest frequency (that is eight in the 
current case) was used to build another model. To this set, we added the set exhibiting the 
next highest frequency (that is seven). This was continued until all the X-variables with 
frequency of at least one were used to make the PLS model. Then, the quality of these 
models were evaluated based on root mean square error of cross validation (RMSECV), 
coefficient of determination (R2) and the optimal number of latent variables (LVs). The 
model with the lowest RMSE, optimal number of LVs and highest R2 was selected for 
use in predicting the secondary structure of KER in wool, regenerated KER, CS:KER and 
CEL:KER composites. The best model that fulfilled these criteria consisted of X-
variables with a frequency of significance of at least seven. 
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Figure 5-4 Frequency of significance obtained using cross model validation (CMV).  
Figure 5-5 summarizes the PLSR results for the chosen PLSR model. As 
expected, residual validation variance decreases with more factors being incorporated 
into the model (Figure 5-5A). This is because as more factors get incorporated into the 
model, more systematic variation gets to be accounted for. However, beyond three 
factors, the residual validation variance started increasing. This shows that the model is 
now incorporating noise. Since only factors describing systematic variation should be 
used in the model, only three factors were used to build the calibration model, which was 
later used for predictions of unknowns. It was also necessary to check the relative amount 
of variation explained when this optimum number of factors was used. Figure 5-5B 
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shows that the three factors accounted for 89% variance which is evidently clear that 
three factors account for a decent amount of systematic variation in the variables. The 
scores plot (Figure 5-5C) shows that the first factor (F1) is able to differentiate the 
protein standards based on their α-helix and β-sheet composition. Along this factor, 
protein standards with more than 0.3 α-helix and at most 0.1 β-sheet (i.e. MYO, HEM, 
HAS, BSA, LYZ) group together on the right hand side (within the red box) whilst those 
standards with less than 0.2 α-helix and more than 0.3 β-sheet (RNASE A, SOY, PEP) 
group together on the left hand side (within the purple box). These differences are further 
confirmed when the correlation loadings plot was considered (Figure 5-5D). Along the 
first factor, α- variable tends to appear on the right hand side whilst β- variable appears 
on the opposite side. By comparing this correlation loadings plot with the scores plot, it 
becomes apparent that α-variable is positively correlated with proteins containing more 
α-helix. Similarly, β-variable is positively correlated with proteins containing more β-
sheet. In addition, the correlation loadings plot shows the correlation between the Y-
variables (α and β) and the X-variables (frequency). As expected, α-helix is positively 
correlated to the variable 1656.5 cm-1 which is consistent with the previous findings.41-
44,52,67 On the other hand, β-sheet is positively correlated to variables 1642.0-1640.5 cm-1. 
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Figure 5-5 Residual validation variance plot (A), Explained validation variance (B), scores plot (C), and the correlation 
loadings plot (D) obtained after PLSR calibration 
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Figure 5-6 Predicted vs reference plots for α-helix (A) and β-sheet (B) obtained by PLSR 
The model was then applied to predict the α-helix and β-sheet contents of KER in 
wool, regenerated KER, CS:KER and CEL:KER composites. After the PLS prediction, 
wool was found to contain 0.3±0.1 α-helix and 0.18±0.05 β-sheet (Table 5-3). These 
results corroborate the previous findings that sheep wool contains more α-helix than β-
sheet.70-72 Upon dissolving in the IL and regenerating from water, KER was found to 
contain 0.3±0.1 α-helix and 0.22±0.06 β-sheet. These results suggest that regeneration of 
KER helps to retain the same conformation as that of wool but with a slight increase in 
the β-sheet content. Similar results were reported by elsewhere.73 Subsequently, an 
attempt was made to predict the secondary structure of KER in the CS/CEL:KER 
 
  
 
 
 
A 
B 
B 
 
A 
229 
 
composites. It is noteworthy that the FTIR spectra of CEL and CS possess interfering 
bands in the amide I region. For examples, the spectrum of CEL shows an O-H band 
from adsorbed water at 1640 cm-1. CS, being partially deacetylated (84±2% degree of 
deacetylation), contains residual amide bonds which result amide I bands. Consequently, 
the results obtained in predicting the secondary structure in KER composites containing 
either CEL or CS are believed to be unreliable. However, it is expected that the 
interference is minimal when KER is present in high concentrations. As a consequence, 
we carried out the prediction in composites containing 75% KER, namely the 25:75 
CS:KER and 25:75 CEL:KER. As shown in Table 5-3, 25:75 CS:KER was found to 
contain 0.1±0.2 α-helix and 0.31±0.07 β-sheet whilst its CEL:KER counterpart contains 
0.3±0.3 α-helix and 0.3±0.1 β-sheet. Based on these results, it can be concluded that the 
polysaccharides tend to stabilize β sheet- than α helix- conformation.  These results can 
better be explained by considering the whole process of dissolution and regeneration. 
During dissolution, the inter- and intra-molecular forces in KER are broken thereby 
destroying its secondary structure but maintaining its primary structure. During gelation, 
regeneration from water and drying, these interactions are reestablished thereby partially 
reforming the same secondary structure as in wool. However, in the presence of the 
polysaccharides (either CEL or CS), the chains are maintained in the extended form 
thereby hindering a significant reformation of the α-helix. Consequently, the KER in 
these matrices adopt structures with lower content of α-helix and higher content of β-
sheet. 
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Table 5-3 Secondary structure of wool, regenerated KER and its composites with CEL 
and CS as predicted by the PLSR technique 
 α-helix β-sheet 
Wool 0.33±0.02 0.181±0.004 
100% KER 0.31±0.08 0.21±0.03 
25:75 CS:KER 0.18±0.04 0.31±0.04 
25:75 CEL:KER 0.32±0.09 0.25±0.04 
 
5.3.2.2. Near IR 
Near infrared spectroscopy (NIR) was used to provide further confirmatory evidence for 
the successful synthesis of [CEL/CS+KER] composite films and to provide qualitative 
information about the secondary structure of KER. Figure 5-7 shows the NIR spectral 
traces for the pure and blend films. The spectrum for 100% CEL exhibits characteristic 
bands at 1490 nm (due to the first overtone of the O—H stretch modes of free and hydrogen 
bonded –OH groups of cellulose), and the band at 2090 nm (combination band of the first 
overtone of the O—H deformation vibration and the first overtone of the C—O stretch 
mode).65,69,74 In addition, the spectrum also exhibits additional bands between 2200 and 
2350 nm which can be tentatively ascribed to the combination of the O—H stretch and C—
C/C-O stretch modes.75,76 An additional band appearing at 1920 nm was due to a 
combination of the O—H stretch mode and H—O—H bending mode for free and adsorbed 
water in the cellulose film.77 In addition to the bands assignable to O–H, C—C, C—O, and 
C—H, the NIR spectrum of 100% KER exhibits bands characteristic of peptide bonds (—
CONH—). For examples, the band at 1530 nm is tentatively assigned to the first overtone 
of N—H stretch mode while the band at 1978 nm is assigned to a combination of N—H 
stretch and amide II vibrational modes.78-80 The doublet at 1700- and 1760-nm is due to the 
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first overtone C–H stretch for protein side chains.81,82 To gain an insight into the secondary 
structure of KER, the region between 2000- and 2350-nm was subjected to second 
derivative analysis. This revealed two bands, one at 2166 nm (representing α-helix) and 
another one at 2204 nm (representing β-sheet).83,84 This suggests that the regenerated KER 
exhibited both α-helix and β-sheet structures; this concurs with the results obtained 
elsewhere.63  
 As illustrated on Figure 5-7A, the NIR spectra for the [CEL+KER] blend films 
containing 75%-, 50%-, and 25%- KER exhibit bands of both CEL and KER. For 
example, 50:50 CEL:KER contains bands assignable to both KER (doublet between 1690 
nm and 1800 nm; bands between 2000 nm and 2350 nm) and CEL (band at 2090 nm). 
The intensities of the bands ascribable to KER decrease concomitantly with the decrease 
in KER content in [CEL+KER] composite films. The same trend was observed in the 
case of [CS+KER] composite films (Figure 5-7B). It is worth noting that the band 
attributed to water appears at shorter wavelength in 100% CEL (1920 nm) than in 100% 
KER (1934 nm). This suggests that the water structure in these two biomolecules is 
different. In addition, adding CEL to KER results in this water band shifting from 1934 
nm to 1920 nm. The shift correlates well with the amount of CEL added to KER. Two 
distinct bands in NIR spectrum of 100% CS appear at 1528 nm and 2020 nm. The former 
is tentatively assigned to the first overtone of the N—H stretch of the free amine group 
whilst the latter band is assigned to the combination of C=O and NH stretches in 
acetylated units of CS.85  
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Figure 5-7 NIR spectral traces (A and B) and their second order derivatives (C and D) of (A, C) [CEL+KER] and (B, D) 
[CS+KER] composite films.  
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5.3.2.3.Powder X-ray diffraction spectroscopy 
The crystal structure of wool, regenerated KER and [CS/CEL+KER] composites 
were studied using X-ray diffraction. As illustrated in Figure 5-8, the spectral trace of 
wool exhibits two well resolved peaks at 2θ of about 9° and 20° corresponding to the α-
helix and β-sheet structures respectively.86-88 The presence of both configurations in wool 
concurs with the results obtained by using FTIR, NIR (vide supra) and solid state NMR 
(vide infra) in this study. In addition, there were sharp peaks located at 32° and 36° 2θ, 
which confirms other crystalline structures within wool. Interestingly, substantial 
structural changes occurred after dissolving wool in IL and then regenerating it from 
water. Specifically, the peak at 9° 2θ not only decreased in relative intensity but also 
became broader. It is evidently clear from these results that α-helix decreased as a result 
of the dissolution and regeneration process. This is expected since IL is known to destroy 
the secondary structure of KER in wool during dissolution. On regeneration from water, 
the secondary structure is partially regenerated leading to an amorphous structure. The 
peak at about 20° 2θ effectively increased in intensity relative to the peak at 9° 2θ. These 
results suggest that the resultant regenerated KER contained more β-sheet than α-helix 
content. When the KER was blended with either CS or CEL, the XRD spectra of the 
resultant composites were quite similar to the spectrum of regenerated KER alone. This 
suggests that the polysaccharides (CS and CEL), helped to maintain the polypeptide 
chains in an extended form thereby hindering a significant reformation of the α-helix 
conformation. Furthermore, this confirms the compatibility between either CEL or CS 
and KER. 
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Figure 5-8 X-ray diffraction spectra of wool, regenerated KER, 25:75 CS:KER and 25:75 
CEL:KER composites. 
5.3.2.4. 13C Solid state Cross Polarization Magic Angle Spinning (CP-MAS) NMR 
spectroscopy 
We used 13C CP/MAS NMR spectroscopy to study the interactions between 
CEL/CS and KER. The spectra are shown in Figure 5-9(A). For the spectrum for wool, 
the peaks appearing in the ranges 172-180 ppm, 115-158 ppm, 45-65 ppm and 10-40 ppm 
can be assigned to carbonyl, aromatic carbons, Cα methane and side chain aliphatic 
carbon atoms respectively.89 Upon regeneration, KER retained its chemical structure 
because no new bands appeared in its spectrum. This shows that the ionic liquid 
dissolved the wool without any chemical modifications. The spectrum for CEL film 
contained all the peaks assignable to each carbon atom of its anhydroglucose units. 
Specifically, the peaks appeared at 61.9 ppm (C-6), 74.6 ppm (C-3 and C-5), 83.2 ppm 
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(C-4), 104.2 ppm (C-1). A composite film containing 75:25 CEL:KER appeared to lack 
peaks attributed to KER. This could be due to having less amounts of KER which in turn 
become undetectable by NMR. However, 25:75 CEL:KER contained peaks assignable to 
either CEL or KER. Similar results were obtained for [CS+KER] composite films. 
Similarly, spectra of 25:75 CS:KER and 37.5:62.5 CS:KER composites contain bands 
that correspond to both CS and KER (Figure 5-9B). 
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Figure 5-9 13C CP-MAS spectra of [CEL+KER] (A) and [CS+KER] (B) composites 
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5.3.2.5. Scanning Electron Microscopy (SEM) 
Figure 5-10 shows SEM micrographs of the surfaces and cross sections of 
[CEL/CS+KER] composite films. While micrographs for 100% CS and 100% CEL 
surfaces exhibit smooth and homogeneous morphologies without any pores, the 
micrograph of 100% KER exhibit a rough and porous structure with a three dimensional 
interconnection throughout the film surface. This porous structure has implications on the 
physical properties of KER films. For example, the brittleness of 100% KER film can be 
partly attributed to this porous microstructure. To improve the mechanical properties of 
KER whilst harnessing its controlled drug-release properties, KER was blended with 
either CEL or CS. As can be seen, incorporation of the polysaccharides (CEL and CS) in 
KER matrix leads to significant changes in the microstructures of the resultant composite 
films. However, the microstructures of these composite films are noticeably different. 
While incorporation of CS in the KER matrix results in composite films which present 
smooth and homogeneous surfaces with no evidence for phase separation, incorporation 
of CEL results in somewhat rough surfaces. This suggests that KER is more compatible 
with CS than it is with CEL. This is so despite the similarity in the chemical structures of 
CEL and CS; the only difference in their chemical structures is that CS has an amine 
group at C-2 whilst CEL has a hydroxyl group. These results seem to predict that 
[CS+KER], being more densely packed, should be mechanically stronger than 
[CEL+KER]. However, the results from mechanical tests, described in the next section, 
indicate that [CEL+KER] composites are much stronger than [CS+KER]. Upon 
considering that 100% CEL has a fibrous structure, these fibers could still be embedded 
in the KER matrix thereby leading to stronger composites. 
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Figure 5-10 SEM images of surcae and cross sections of 100% CEL, 100% CS, 100% 
KER, 25:75 CEL:KER and 25:75 CS:KER composite films. 
5.3.2.6. Mechanical Properties 
KER has been shown to induce controlled release of drugs.26 Nevertheless, its 
poor mechanical properties continue to hamper its potential applications. For example, in 
other studies,90 regenerated KER film was found to be too brittle to be reasonably used in 
any application. One noble solution would be to chemically blend KER with CEL, which 
100% CEL 100% CEL 100% CS 100% CS 
75:25 CEL:KER 75:25 CEL:KER 75:25 CS:KER 75:25 CS:KER 
25:75 CEL:KER 25:75 CEL:KER 25:75 CS:KER 25:75 CS:KER 
100% KER 100% KER 100% KER 100% KER 
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is known to possess remarkably high mechanical strength. In light of this attractive 
property of CEL, experiments were designed to verify its effect on the tensile strength of 
the resultant [CEL+KER] composite films. Figure 5-11 shows the variation of tensile 
strength of [CEL+KER] as a function of cellulose content. As expected, the tensile 
strength of [CEL+KER] composite films showed a nearly linear increase as the 
proportional content of CEL was increased. For example, the tensile strength of 
[CEL+KER] increased by at least 4X when CEL loading was increased from 25% to 
75%. This behavior has also been reported elsewhere when CEL was used as a 
reinforcement in other composites.26  One possible explanation could be that the flat 
surface of CEL serves as a template on which KER molecules, through their hydrogen 
bonding interactions, coagulate into a β-sheet which in turn lead to stronger composites. 
It is worth noting that [CEL+KER] composite films were much weaker than [CS+CEL].24 
For example, [CEL+KER] and [CEL+CS] containing 75% and 71% CEL had tensile 
strengths 36±3 MPa and 52 MPa respectively. This could be attributed to the fact that 
CEL structure is more similar to that of CS than KER structure. Therefore much stronger 
interactions are established between CEL and CS than between CEL and KER.  Although 
CS also leads to an increase in the tensile strength of [CS+KER], its effect is noticeably 
lower than that of CEL of comparable loading. For example, [CEL+KER] and 
[CS+KER] had tensile strength values of 37±6 MPa and 20±1 MPa respectively for a 
40% KER loading. This could be due to the fact that CS is inherently weaker than CEL as 
reflected by the tensile strengths of 100% CS (36±9 MPa) and 100% CEL (82±4 MPa). 
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Figure 5-11 Plots of tensile strength as a function of concentration of CEL in 
[CEL+KER] composites (red circles) and CS in [CS+KER] composites (black squares). 
5.3.2.7. Thermal properties of [CEL/CS+KER] composite films 
We performed thermo gravimetric analysis (TGA) to determine the effect of each 
component on the thermal properties of the resultant composite film. In addition, we also 
studied the effect, on the thermal properties, of processing biopolymers (CS, CEL and 
KER) in ionic liquid. TGA curves of wool, CEL powder, CS powder, regenerated KER 
(i.e. 100% KER), regenerated CEL (i.e. 100% CEL), regenerated CS (i.e. 100% CS), 
[CEL+KER] and [CS+KER] composite films (Figure 5-12). The comparison was 
achieved by using onset decomposition temperature as a surrogate measure of the thermal 
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stability of a component. It is probable that the dissolution process could reduce the 
thermal stability of the biopolymer. Therefore, we compared the onset decomposition 
temperature of unprocessed biopolymers with those of their corresponding regenerated 
films. The onset decomposition temperature for wool KER decreased by 0.5% from 
246.8- to 245.5 °C upon regenerating from the ionic liquid. Similarly, the onset 
decomposition temperature for CS powder decreased by 2% from 269.9- to 264.2-°C. 
The onset of decomposition for CEL powder also decreased by 1.26% from 318.4- to 
314.0 °C. These changes are somewhat negligible which suggests that minimal changes 
in the chemical structure of the biopolymers occurred as a result of regenerating them 
from ionic liquid. This allows us to study the effect of adding one component to another. 
Figure 5-13 shows plots of onset decomposition temperature of [CS+KER] and 
[CEL+KER] composite films. As shown, 100% KER was the least thermally stable 
followed by CS and then CEL. Interestingly, blend films of KER with each of the 
polysaccharides show an improvement in the thermal stability as the proportional content 
with respect to either CEL or CS is increased. Therefore, by changing the composition of 
the [CEL/CS+KER] composites, the thermal properties can be objectively tuned. All 
composites and powders showed a transition in the region 30- to 100-°C except for CEL 
powder. This transition is attributed to residual water. In addition, the water content of 
the films were found to be between 0% and 6.0%, with CS film having the highest water 
content. This is expected since CS absorbs water easily. 
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Figure 5-12 TGA curves (first row) and their corresponding derivatives (second row) of 
wool, CS powder, CEL powder, 100% KER, 100% CEL, 100% KER, [CS+KER] and 
[CEL+KER] composite films. 
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Figure 5-13 Plots of onset decomposition temperatures for [CEL+KER] (red curve with 
open triangles) and [CS+KER] (black curve with solid squares). 
In summary, we have successfully synthesized composites containing various 
proportions of CEL, CS, and KER in one step using a recyclable ionic liquid, BMIm+Cl-. 
The results obtained by analysis using FTIR, NIR, XRD, NMR and SEM confirm that 
KER, CS, and CEL remain chemically intact and are compatible with each other. Most 
importantly, we have developed a PLSR method and successfully used it to accurately 
and objectively predict the secondary structures of KER in wool, regenerated KER and in 
its composites with either CEL or CS. Results obtained by NIR, XRD and NMR 
corroborate PLSR findings. Specifically, all the techniques indicate that KER in wool has 
a higher α-helix content than β-sheet. However, upon regenerating KER, the proportional 
content of α-helix decreased compared to the β-sheet content. These results suggest that 
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during dissolution, the secondary structure of KER is destroyed. During gelation and 
regeneration from water, α-helix conformation is partially reformed whereas the β-sheet 
conformation is stabilized. As expected, both CS and CEL improved the tensile and 
thermal properties of KER. However, in both cases, CEL had a higher effect than CS. 
The improved mechanical and thermal properties enable the possibility of exploiting the 
desirable properties of KER in various applications such as drug release in wound 
control. This is the focus of the next few sections. 
5.3.3. Drug Release 
5.3.3.1. Qualitative assessment of the release assay 
The main goal of this study was to evaluate the suitability of CEL, KER, and CS 
as matrix platforms for controlling the release of the drug, CPX. This was achieved by 
carrying out drug release assays using films containing different relative amounts of 
CEL, KER and CS. The concentration of the drug was fixed at 0.5% of the total weight of 
biopolymers in each formulation. It is noteworthy that sink conditions should be 
maintained throughout the experiment to ensure that the release medium is not saturated 
by the drug. Therefore, the experimental conditions were chosen such that the drug 
concentration was always less than 10% of the saturation solubility in the release 
medium; the solubility of CPX in phosphate buffer is 73±7 ppm at 21±1 °C.91 In our case, 
3.5 mg of film would theoretically contain 0.0174 mg (equivalent to 0.5% CPX per total 
weight of polymers) CPX which in 3.5 mL release medium would translate to ~5 ppm 
CPX. This represents the maximum concentration that can be released by a typical film in 
this present study. By comparing this value (5 ppm) with the solubility (73±7 ppm), it is 
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clear that CPX concentration could stay below 10% of the solubility thereby maintaining 
the required sink conditions. 
 
  
Figure 5-14 Time dependent fluorescence spectra of ciprofloxacin (CPX) release from 
regenerated KER (100% KER) 
Figure 5-14 shows the typical time-dependent fluorescence spectra obtained 
during drug release from a 100% KER film. This figure illustrates what was generally 
observed with other formulations. As illustrated on this figure, the band at 418 nm 
appears to grow over time as a result of progressive increase in the amount of drug being 
released into the buffer medium. Furthermore, the peak position and peak shape were 
invariant throughout the study suggesting that the drug remained stable over the whole 
assay period. In addition, these time dependent spectra appeared to be identical to the 
calibration spectra (not shown). This suggests that CPX maintained its structure 
throughout the entire process of its incorporation in the biopolymer matrices. Therefore, 
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the CPX-doped composite, synthesized by the present method, are expected to retain 
antimicrobial properties of the CPX. 
The time-dependent fluorescence spectra of CPX assay were used to generate 
plots of fraction of drug released, Mt/M∞ as a function of time, t in hours for each 
formulation. As can be seen on Figure 5-15, the release profiles are characterized by two 
stages: an initial burst release (Stage I) followed by a slow release (Stage II) that 
eventually reaches a plateau. The burst release could be due to the instantaneous 
dissolution of the physically bound drug from the surface of the films. Stage II could be 
due to the diffusion of the encapsulated drug from the interior of the film matrix. This 
profile is particularly desirable in situations such as the initial stages of wound treatment 
where it offers immediate relief by delivering therapeutic amounts of the drug to the 
wound site. Stage II helps to maintain this therapeutic level of drug by delivering a low, 
but sustainable amount of drug to keep the drug level in the plasma within the therapeutic 
window. 
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Figure 5-15 Plots of release of CPX as a function of time from 100% CS (black curve 
with stars), 100% KER (purple curve with solid circles), and 100% CEL (red curve with 
solid triangles) 
Although these formulations (100% KER, 100% CS, and 100% CEL) exhibit 
two-stage release profiles, the duration and the amount of drug released at each stage 
varies from biopolymer to biopolymer. For example, it took ca. 30 minutes for 100% 
CEL and 100% CS to release 60% of the encapsulated drug. In contrast, it took 4X (120 
minutes) longer for 100% KER to release the same percentage of drug. These results 
suggest that 100%- CEL and –CS films contained relatively equal but more physi-sorbed 
drug than 100% KER. As a result, the early release rates for the polysaccharides (CEL or 
CS) appear to be faster than KER. During Stage II, water diffuses into the biopolymer 
matrix thereby dissolving the drug. In addition, this water swells the biopolymer matrix 
leading to more drug being released into the solution medium. From the results of 
swelling studies, previously published by our group,28 it was found that CS absorbs at 
least 3X more water than CEL owing to the more rigid structure of CEL.  Therefore, CS 
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is expected to eventually release more drug than CEL at equilibrium. In fact, the results 
obtained in the present study concurs with this finding. Specifically, 100% CS released a 
total of 77% CPX whilst 100% CEL released only 65%. KER, possessing a different 
chemical structure from that of both CS and CEL, is expected to show different kinetics 
profile. It has been reported that KER hardly swells in water.92 As a result, drug release 
from KER matrix is much slower than from either CS or CEL. Even though KER swells 
to a lesser extent in water, the phosphate ions in the buffer may adsorb onto the protein 
thereby making it more ionic Consequently, KER would absorb more water over time. 
Therefore, with time, its structure would collapse and lead to the release of more drug at 
equilibrium albeit at a slower pace than either CEL or CS. This could explain why 100% 
KER released up to 91% drug at equilibrium.  
Although 100% KER exhibits a profile which is more desirable for long-term 
applications like in wound treatment, its poor mechanical properties hinders its adoption 
for any practical use. Therefore, an attempt was made to reinforce KER by mixing it with 
either CEL or CS at different proportions.  Thereafter, these formulations were evaluated 
for their drug delivery capabilities. The results, presented in Figure 5-16 show some 
interesting release profiles of each formulation. In all cases 100% CEL released the least 
total amount of drug at equilibrium for reasons explained above. All samples containing 
KER showed some level of controlled drug release, especially at high level of KER. On 
the other hand, higher levels of either CEL or CS tend to diminish this effect. This was 
most apparent when formulations containing only the two biopolymers, CEL and CS, 
were evaluated. As can be seen in Figure 5-16B, all the [CS+CEL] formulations reached 
equilibrium within the first hour of the assay study. However, when each of CEL or CS 
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was mixed with KER, there was a substantial slowdown in the rate of drug release. These 
results illustrate the crucial role which KER can play in controlling the release of the 
drug.  
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Figure 5-16 Plots of release of ciprofloxacin as function of time from [CS+KER] (A), [CS+CEL] (B), [CEL+KER] (C), 
[CS+KER+CEL] (D) composite films 
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5.3.3.2. Quantitative assessment of the release profiles 
A more quantitative assessment needed to be done in order to compare the performance 
of each formulation. We achieved this by fitting release kinetic data to the four widely adopted 
models; zero order model, first order model, Higuchi model and Korsmeyer Peppas (KP) model. 
The performance of each model was evaluated by comparing the R2 and the MSC values.93 As 
illustrated in Table 5-3 and Figure 5-17, zero order model consistently gave the lowest R2 and 
MSC values for every formulation. This strongly confirm that zero order model cannot be 
reliably used to describe CPX release from [CEL/CS/KER] composite films. Although first order 
model gave higher R2 and MSC values for some formulations, this trend was inconsistent. For 
examples; first order model gave the highest R2 and MSC values for only 100% KER, 25:75 
CEL:KER, 50:10:40 and 30:30:40 CS:KER:CEL. Therefore, first order can only fit 24% 
(=4/17x100) of the formulations under this current study. As a result of this inconsistency, zero  
and first order models are not suitable for this study.
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Table 5-4 Results of modeling the release of ciprofloxacin from [CEL/CS/KER] composites.  
 
%  Zero order model  First order model  Higuchi model  Korsmeyer-Peppas model 
CS KER CEL  K0 (t-1) R2 MSC  K1  R2 MSC  KH (t0.5) R2 MSC  K (t1-n) n R2 MSC 
100    1.8(1) 0.9460 0.9469  2.7(1) 0.9731 1.8366  1.063(2) 0.9999 9.3389  1.06(1) 0.500(6) 0.9999 8.9400 
75 25   4(1) 0.8266 1.2521  6(2) 0.8788 1.6103  1.5(2) 0.9772 3.2792  1.10(6) 0.35(2) 0.9976 5.1588 
37.5 62.5   0.91(4) 0.9806 3.7409  1.36(4) 0.9938 4.8756  0.76(4) 0.9746 3.4721  0.82(2) 0.70(2) 0.9961 5.2623 
25 75   0.163(8) 0.9198 2.4752  0.265(8) 0.9663 3.3441  0.370(8) 0.9835 4.0579  0.313(5) 0.58(2) 0.9800 2.4478 
                    
 100   0.29(2) 0.9668 3.2502  0.42(1) 0.9932 4.8381  0.43(2) 0.9789 3.7045  0.357(6) 0.72(3) 0.9922 4.6356 
 75 25  0.49(4) 0.9650 3.1034  0.74(2) 0.9938 4.8290  0.56(4) 0.9664 3.1444  0.53(1) 0.72(3) 0.9918 4.4557 
 25 75  2.3(4) 0.9433 2.3700  3.2(3) 0.9823 3.5359  1.16(6) 0.9944 4.6790  1.3(1) 0.62(6) 0.9941 4.5319 
 20 80  1.19(6) 0.9123 0.5700  1.98(5) 0.9740 2.1964  0.92(1) 0.9937 3.1844  1.13(2) 0.65(2) 0.9934 4.9095 
                    
  100  0.93(6) 0.9129 0.2323  1.50(8) 0.9447 0.9290  0.92(2) 0.9973 4.0715  1.04(7) 0.60(5) 0.9926 4.4566 
25  75  2.0(2) 0.9275 0.6798  3.6(2) 0.9624 1.5482  1.42(2) 0.9991 5.2532  1.6(2) 0.57(6) 0.9975 5.3904 
50  50  2.1(2) 0.9185 0.3182  4.5(2) 0.9753 1.9323  1.53(2) 0.9997 6.2460  1.67(6) 0.54(2) 0.9996 7.2202 
75  25  2.0(2) 0.9342 0.8145  3.6(2) 0.9657 1.6932  1.35(3) 0.9981 4.4624  1.6(3) 0.6(1) 0.9923 4.2671 
                    
50 10 40  1.8(1) 0.9504 1.0529  3.8(1) 0.9904 3.0892  1.17(7) 0.9857 2.6328  2.0(3) 0.77(8) 0.9897 4.0657 
40 20 40  0.73(2) 0.9642 1.5739  1.06(3) 0.9820 2.4761  0.62(1) 0.9967 3.8935  1.06(4) 0.55(2) 0.9935 5.8134 
30 30 40  1.29(6) 0.9749 1.8596  2.17(4) 0.9952 3.8445  0.86(3) 0.9886 2.7842  1.16(6) 0.62(2) 0.9965 5.4192 
20 40 40  0.117(4) 0.9084 0.1321  0.183(4) 0.9534 1.2089  0.317(3) 0.9978 2.7774  0.92(2) 0.53(4) 0.9950 5.1612 
10 50 40  1.02(6) 0.9321 0.4274  1.82(6) 0.9806 2.1153  0.97(1) 0.9984 4.3130  0.76(3) 0.43(2) 0.9941 4.8179 
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Figure 5-17 Kinetics of release of ciprofloxacin (CPX) from 40:20:40 CS:KER:CEL 
plotted as zero order, first order, Higuchi, and Korsmeyer-Peppas models 
As illustrated in Table 5-3, both Higuchi and Kormeyer Peppas models have high 
values for R2 with the former having higher values 64% (=11/17x100) of the time while 
the later model has higher R2 values 36% (=6/17x100) of the time. This suggests that 
Higuchi model represent the release profiles more accurately. However, when MSC 
values are also taken into account, Higuchi model gives hives higher values of MSC only 
24% (=4/17x100) of the time with the remainder 76% being given by Korsmeyer Peppas 
model. These two results seem to be contradictory at first. However, upon close scrutiny, 
it is clear that the R2 values of both models are very close whereas the differences in MSC 
are larger. Therefore, MSC carries more weight. Consequently, Korsmeyer Peppas model 
was chosen as it appears to describe all release profiles adequately. 
Although the results obtained from Korsmeyer Peppas model are illustrated in 
Table 5-3 for better visualization, the kp-values were used to generate a 3D plot (Figure 
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5-18). As illustrated, 100% KER has the lowest K-values (0.357±0.006) compared to 
either 100% CEL or 100% CS. In addition, 100% CEL and 100% CS gave almost 
identical K-values with the former giving K-value 1.04±0.07 whilst the latter gave K-
value 1.06±0.01. These results seem to contradict the results obtained from the swelling 
studies of these two biopolymers in water.28 From the swelling studies, 100% CS was 
found to adsorb 3.4X as much water as adsorbed by 100% CEL. Therefore, 100% CS is 
expected to release more drug faster than 100% CEL. However, upon closer inspection, it 
was found that during the early stages (which correspond to the time period used to fit 
drug release data that is the region spanning the first 60% cumulative drug released), both 
CEL and CS adsorb at almost the same rate.  Therefore, they should also release the drug 
at the same rate. In addition, it took 30 minutes for both CEL and CS to release 60% 
drug. This amount could correspond to the physi-sorbed drug, hence faster release.  
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Figure 5-18 3D plot for release rate constants, kp, obtained by fitting release data to 
Korsmeyer Peppas model for two-component composites ([CEL+CS] (black), 
[CEL+KER] (red), and [CS+KER] (green). 
Although KER can adequately control release of the drug, it is difficult to handle 
considering that it is very brittle. Therefore, we decided to blend it with inherently strong 
biopolymers that is CEL and CS. As illustrated in Table 5-3, for [CS+KER] composites, 
K-values decreased concomitantly with the increase in proportional content of KER. For 
example, adding 62.5% KER to CS reduced K-value by 33%. A further 48% reduction 
was observed when a further 12.5% KER was added to the 62.5:37.5 KER:CS composite 
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film. The blending of CS and KER is attractive because CS not only improves the 
mechanical properties but also add some biomedical benefits thereby widening the 
applications of KER. For examples; CS has been used widely as bactericide,94-97 and in 
bone tissue engineering.98-101 In fact, in our previous publications, we proved that CS 
inhibits growth of a wide variety of bacteria specifically MRSA, VRE, S. aureas, and S. 
aeruginosa.96,97 This implies that lesser doses of the drug, CPX could be required to 
combat bacteria at the wound site because some of the bacteria would be controlled by 
the CS component. Drug release from [CS+KER] was found to be similar to that from 
[CEL+KER]. This is hardly surprising since CEL and CS possess similar chemical 
structure except for the presence of an amino group at C-1 in CS. However, for a 
particular KER content, the [CEL+KER] composite film gave a somewhat higher K-
value than the corresponding [CS+KER]. For example, composites containing 75% KER 
gave K-values 0.53±0.01 for [CEL+KER] and 0.313±0.005 for [CS+KER]. To verify that 
KER was indeed responsible for slowdown in drug release, we synthesized CPX-doped 
composite films containing only the two polysaccharides, CEL and CS. The results are 
also included in Table 2. It is interesting to note that when these two polysaccharides 
were blended, the resultant composites gave K-values higher than the K-values obtained 
from either 100% CEL or 100% CS. In addition, the K-values for the [CS+CEL] 
composites appeared insensitive to the amount of either CS or CEL in the composites. 
This behavior could be a result of similarity in the chemical structures of these two 
polysaccharides. The K-values obtained from [CEL+CS] composites were consistently 
higher than the K-values obtained for either [CEL+KER] and [CS+KER]. This further 
confirm the utility of KER in controlling drug release. 
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Figure 5-19 3D plot of release rate constants, kp, obtained by fitting release data to 
Korsmeyer Peppas model for three-component composites (i.e. [CS+KER+CEL])  
An attempt was also made to test whether KER can still slow down drug release 
from a composition containing all the three biopolymers (i.e. KER, CEL and CS). Five 
composites were synthesized in which the concentration of CEL was fixed at 40% whilst 
the concentrations of CS and KER were varied from 10% to 50%. The results of fitting 
the release data to Korsmeyer Peppas model are listed in Table 5-3 and plotted in Figure 
5-19. As illustrated, increasing the concentration of KER resulted in a substantial 
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decrease in the rate of CPX release. For example, when the concentration of KER was 
increased from 10% to 50%, the release rate slowed down by 62% (i.e. from 2.0±0.3 to 
0.76±0.03). It is therefore, evidently clear that the ability of KER to slow down CPX drug 
release remains intact even in the three-component composites. Thus, the release 
properties of the composites can be tuned by judiciously adjusting the concentration of 
KER in the composites. In addition, [CEL+CS+KER] composites are more superior to all 
the one- (100% CEL, 100% CS, 100%KER) and two-component composites 
([CEL+KER], [CS+KER], [CS+CEL]). For example, [CEL+CS+KER] composites have 
combined properties of their individual components namely superior mechanical 
properties (from CEL), ability to stop bleeding, inhibit the growth of bacteria and adsorb 
pollutants (from CS) and controlled release of drugs (from KER).  
A particular advantage of Korsmeyer Peppas model over the other three models is 
that the exponent, n, can give an insight into the mechanism of drug release. These values 
are given for each composite film, in Table 5-3 As has been described earlier, when 
n=0.5, the release is described by Fickian diffusion whilst n=1.0 describes the zero order 
release. As can be seen in Table 5-3, n-values were found to be between 0.5 and 1.0 
which suggests that the release from most formulations was an anomalous type (non-
Fickian). This suggests that more than one mechanism could be involved in the release of 
the drug. These mechanisms could be a combination of diffusion and erosion of the films 
over the course of the assay period.  The effect of secondary structure on drug release 
mechanism can also be studied using Korsmeyer Peppas model. Although CEL and CS 
enhanced the formation of more β-sheet component in KER, this change seem not to 
affect the release mechanism. Both 25:75 CS:KER and CEL:KER composites gave K- 
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and n-values of (0.313±0.005, 0.53±0.01) and (0.58±0.02, 0.72±0.03) respectively. Pure 
KER film gave K- and n-values of 0.357±0.006 and 0.72±0.03 respectively. Therefore, 
these formulations are expected to be robust. 
5.4. Conclusions 
Overall, we have shown that it is indeed possible to preserve the desirable 
properties of CEL, CS and KER by dissolving them in an ionic liquid and subsequently 
regenerating them from water. This was confirm by using FTIR, NIR and CP MAS NMR 
spectroscopy techniques. However, the secondary structure of KER was affected by the 
regeneration process. This was found out after developing a PLSR model to predict the 
secondary structure of KER. Specifically, regeneration led to a decrease in the α-helical 
content of KER with an increase in β-sheet content. In addition, this PLSR method was 
proved to be more accurate and objective than the conventional curve fitting procedure. 
More importantly, CEL and CS improved the mechanical and thermal properties of KER-
based composite films. These findings provided an impetus for us to apply these 
composites in drug release. Ciprofloxacin was chosen as a model antibiotic drug. 
Interestingly, all the composites were found to be able to encapsulate and control the 
release of this drug. Most importantly, KER was found to substantially slow down the 
release of CPX. Varying its concentration in the composites enabled us to tune the release 
of this drug. Therefore, these composites can be used successfully as cheaper and more 
effective platforms for the release of drugs such as CPX.  
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CHAPTER 6 
A FACILE METHOD FOR IN SITU SYNTHESIS OF GOLD NANOPARTICLES 
IN CELLULOSE-CHITOSAN-KERATIN COMPOSITE MATERIALS 
6.1. Background 
Metal nanoparticles, including gold (AuNPs) and silver nanoparticles (AgNPs), 
have been widely used in various biomedical applications due to their unique physical 
and chemical properties.1-4 Interestingly, these properties are different from those of the 
corresponding bulk material. For example, whereas the color of bulk gold is yellow, the 
color of AuNPs varies from red to blue to green depending on their size, shape and 
dielectric constant of the surrounding medium. Therefore, by changing these parameters 
(i.e. size, shape, and dielectric constant), the properties of AuNPs can be tuned to suit 
specific applications. The color of the AuNPs originate from a phenomenon called 
localized surface plasmon resonance (LSPR).5 In this phenomenon, a narrow range of 
frequencies of incident light induces the oscillation of conduction band electrons in the 
nanoparticles. For AuNPs and AgNPs, these frequencies lie in the visible and near 
infrared region. Spherical AuNPs exhibit a single “plasmon” band in the visible region.6  
The extinction coefficient of AuNPs is higher than those of general organic 
chromophores.7 This is due to the larger surface area to volume ratio, which enables more 
electrons to be exposed to the radiation thereby enhancing the absorption. Most 
importantly, the position of this band changes when the nanoparticle gets attached to 
some larger chemical. In addition, AuNPs can enhance surface Raman scattering.8 These 
properties enable AuNPs to be used as chemical sensors. Recently, AuNPs were shown to 
exhibit antibacterial activity against three pathogenic bacteria; Pseudomonas syringae, 
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Eschericia coli, and Shigella sonnei.3 Such results are intriguing and they provided an 
impetus for us to synthesize AuNPs to evaluate their antibacterial properties against other 
bacterial species. In addition, AgNPs have been shown to be active not only against 
bacteria but also against viruses.9 The proposed mechanism for virucidal action was that 
Ag would bind with the polyvalent receptor sites on the viral envelope thereby preventing 
the virus from binding and infecting host cells. Most importantly, in one of the studies, 
both AuNPs and AgNPs coated with mercaptoethane sulfonate (MES) were found to be 
able to inhibit herpes simplex virus type 1 (HSV-1).10,11 This also motivated us to 
synthesize AuNPs with the intention of evaluating them for their activity against viruses. 
However, despite all this potential, the synthesis of AuNPs remains a challenge. 
On one hand, the small size of nanoparticles present many potential benefits in 
biomedical field. For example, the larger surface are enables them to be used in drug 
delivery. On the other hand, this larger surface area makes it more difficult to synthesize 
nanoparticles that remain separated in the solution. Nanoparticles tend to agglomerate, 
thereby adversely altering their desirable properties. To circumvent the likelihood of 
agglomeration, AuNPs have been capped with organic substrates such as the cationic 
surfactant, cetyltrimethylammonium bromide (CTAB). However, CTAB is toxic to cells 
at submicromolar dose.7 Therefore, the use of CTAB is less attractive. To mitigate this 
challenge, polyethylene glycol (PEG) has been used as an outer coating for the CTAB-
coated AuNPs or as a sole coating for the AuNPs. The resultant AuNPs were found to be 
non-toxic. However, PEG forms films with poor rheological properties. Thus, there is 
still need to synthesize AuNP-based composites with better rheological properties. 
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The information presented in the previous paragraphs motivated us to evaluate the 
possibility of synthesizing AuNPs encapsulated in biopolymer matrices. We chose 
natural, biocompatible polysaccharides (i.e. cellulose and chitosan) and proteins (i.e. 
keratin). In addition to being biocompatible, these biopolymers are relatively abundant. 
For example, cellulose (CEL) is the most abundant biopolymer on earth followed by 
chitin (from which chitosan is derived by partial deacetylation). Keratin (KER) is present 
in greater than 95% per weight of wool. Thus, their exploitation will almost guarantee an 
inexhaustible supply of resources. Furthermore, chitosan (CS) is antibacterial due to the 
amino groups that are present in its structure. Most importantly, these biopolymers can 
form films with better rheological properties than PEG films.  
We, therefore, explore a method to encapsulate AuNPs in the biopolymer 
matrices. This was accomplished by using potentially green solvents, ionic liquids, to 
dissolve the biopolymers together with the Au salts. Thereafter, the casted gels were 
soaked in solutions of reducing agents; sodium borohydride and sodium citrate. This was 
done to form the nanoparticles in situ. The ionic liquids used for dissolving the 
biopolymers and gold salt were 1-butyl-3-methylimidazolium chloride (BMIm+Cl-) and 
1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonylimide) (EMIm+Tf2N
-) 
respectively. The resultant AuNP-based biopolymers were characterized by X-ray 
powder diffraction (XRPD), X-ray photoelectron spectroscopy (XPS) and scanning 
electron microscopy (SEM) techniques. The results of these characterizations are 
reported herein. 
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6.2. Experimental 
6.2.1.Chemicals 
Cellulose (microcrystalline, DP≈300), chitosan (84±2% degree of deacetylation), 
chloroauric acid (HAuCl4.3H2O), and tetrahydrofuran (THF) were purchased from 
Sigma-Aldrich (Milwaukee, WI). Sodium borohydride was obtained from Alfa Aesar. 
The ionic liquid, 1-butyl-3-methylimidazolium chloride was synthesized using the same 
method described earlier (see Chapter 2 for details), using freshly distilled 
methylimidazole (Alfa Aesar) and n-butylchloride (Alfa Aesar).The other ionic liquid, 
EMIm+Tf2N
- was synthesized as described in the next section. Water was purified (18.2 
MΩ cm-1) using a Barnstead Nanopure unit (Dubuque, IA, USA). Sodium citrate was 
obtained from Matheson Coleman & Bell. 
6.2.2. Synthesis of 1-butyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide 
Freshly distilled 1-methylimidazole was added into a flask and bubbled with Ar to 
remove any oxygen. After 10 min of Ar bubbling, ethyl bromide was added drop wise 
each time ensuring that the temperature does not exceed 40 °C. The contents were then 
refluxed at 40 °C for 3 h. Crude EMIm+Br- was then allowed to cool down to room 
temperature. During cooling, the IL solidified into a thick mass. Subsequently, the IL was 
washed with three portions of ethyl acetate. Residual ethyl acetate was removed by 
rotavaping the clean IL at 60 °C. Finally, the IL, EMIm+Br-, was dried at 70 °C under 
vacuum for at least 10 h. The purity of the IL was confirmed by 1H NMR spectroscopy. 
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EMIm+Br-  (16.639 g, 87 mmol) was dissolved in 50 mL of double distilled water 
in a beaker before being transferred to a round bottomed flask. Subsequently, lithium bis 
(trifluoromethylsulfonyl) imide (25.000 g, 87 mmol) dissolved in 50 mL of double 
distilled water was added slowly to the aqueous solution of EMIm+Br-. The mixture was 
stirred at room temperature for 3-3.5 h. As the reaction progressed, two phases were 
formed. At the end of the reaction, the mixture with two phases was transferred to a 
separatory funnel. The top layer, which is the aqueous layer was decanted off. The 
bottom layer, the IL layer, was diluted with 40 mL dichloromethane (DCM). Then, this 
solution was washed several times with 50 mL portions of double distilled water to 
remove any remaining LiBr. The IL was considered clean when the aqueous washings 
tested negative to the AgBr test. Then, the purity was further confirmed by 1H NMR 
spectroscopy. 1H NMR (DMSO, 400 MHz) δ in ppm: 1.41 (t, 3H, CH3CH2), 3.84 (s, 1H, 
NCH3), 4.20 (q, 2H, NCH2), 7.70 (d, 2H, 2 NCH), 9.10 (s, 1H, NCHN). It is noteworthy 
mentioning that even after drying for several hours, water was still detectable at δ 3.34 
ppm. 
6.2.3. Synthesis of CEL/CS/KER+Au composites 
We synthesized [CEL+KER], [CS+KER] and [CEL+CS] containing various 
amounts of gold salt. In the case of KER-containing composites, the polysaccharides 
(either CEL or CS) and KER were dissolved separately in BMIm+Cl- ionic liquid. For 
example, 50:50 CEL:KER was synthesized as follows. CEL (0.600 g) and KER (0.600 g) 
were dissolved separately each in 10.000 g BMIm+Cl- for 5-6 h under the continuous 
flow of Ar gas. Whereas the polysaccharides were dissolved at 90-105 °C, KER was 
dissolved at 115-125 °C. After this dissolution, the less viscous KER solution was poured 
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into CEL solution. The mixture was kept at 90-105 °C for a further 1 h to ensure 
homogeneous mixing of KER and CEL. Approximately five minutes before the lapse of 
that one hour, 160 mg HAuCl4.3H2O was dissolved in 1.000 g EMIm
+Tf2N
- in a separate 
flask. To speed the rate of dissolution, the flask was warmed up in oil bath at 90-105 °C. 
At the one hour mark of mixing CEL and KER solutions, this gold solution was added 
drop wise into the [CEL+KER] solution. The mixture was left stirring for a further one 
hour. Then, the mixture was casted into two moulds of dimensions of 45 mm (L) x 45 
mm (W) and 3 mm (T). The mixture was left to gel for at least 12 h. However, later on, it 
was found that 24 h is needed for complete gelation.  
6.2.4. Reduction of Au3+ to Au nanoparticles (AuNPs) 
The Au (III) ions, which were encapsulated in the biopolymer matrices, were 
reduced by either sodium citrate or sodium borohydride. For reduction in sodium citrate, 
5.800 g (≡20 mmol) of this reducing agent was dissolved in 200 mL of double distilled 
water. The gel film was removed from the mold and sandwiched between two PTFE 
meshes with the same L x W dimensions as the gel film. Three cylindrical plastic with 
both ends open were stacked on top of each other inside a 600 mL beaker. A stir bar was 
put inside the space created by these cylinders. These cylinders were used to prevent any 
damage of the films from the spinning magnetic stir bar. Then, the sandwiched film was 
laid flat on top of this crown stack. The mesh was desirable because it would allow free 
circulation of solution thereby exposing much film surface to the solution. Subsequently, 
sodium citrate solution was poured slowly into this beaker. The beaker was then covered 
with parafilm to reduce evaporation of water. The reaction was allowed to proceed under 
stirring at room temperature for 48 h. Subsequently, the film was washed for 24 h in 200 
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mL of 50:50 THF:H2O to remove EMIm
+Tf2N
-  ionic liquid from the film and then with 
film was washed with water until clean. This was confirmed by the disappearance of IL 
UV absorption bands in the washing solution. The water was replaced every 24 h to 
maximize the removal of BMIm+Cl- and any inorganic salts remaining inside the sample. 
It took at least 5 d for the films to be completely clean. Reduction using sodium 
borohydride was carried out the same way as in sodium citrate. It should be pointed out 
that sodium borohydride was dissolved in methanol because it reacts faster with water. 
6.2.5. Drying the films 
The films were then dried in a home-made drier under a continuous flow of air, 
which was being drawn through the drier chamber by a fan. During the drying process, 
weights had to be laid flat on the films to ensure that the film would remain flat. If this is 
not done, the film would curl up and shrink. This is undesirable in later characterizations 
and applications which require the films to be flat to get reliable results.  
6.2.6. Instruments 
X-ray powder diffraction was performed on a Rigaku Miniflex II within the 2θ 
range 2 to 85° scanning at the rate of 5° 2θ per min. X-ray photoelectron spectra were 
taken on a HP 5950A ESCA spectrometer with Al monochromatic source and a flood gun 
was used for charge suppression.  
6.3. Results and Discussion 
In the synthesis of AuNPs, sodium borohydride and sodium citrate are widely 
used to reduce Au(III) to Au(0). However, in the absence of capping agents, the resultant 
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nanoparticles tend to aggregate, which is undesirable because these particles often times 
do not possess the attractive properties of AuNPs. Therefore, the use of polysaccharides 
and proteins was desirable because these can stabilize the AuNPs without the possibility 
of aggregation. The polysaccharides would impede or even stall the movement of AuNPs 
once formed by the reducing solutions. Interestingly, there were some observable 
differences in the colors of films in sodium borohydride compared to the ones in sodium 
citrate. Specifically, on one hand, as soon as the films were dipped in sodium 
borohydride solution, the films became darker. On the other hand, films dipped in sodium 
citrate took at least 24 h to change to a faint purple color. These observations are 
significant because they suggest that the AuNPs formed have sizes that are dependent on 
the identity and probably the reducing power of the reducing agents. Therefore, by 
switching between reducing agents of different reducing power, one can make AuNPs 
that are suited for particular applications. For example, smaller nanoparticles may be able 
to interact with the polyvalent sites of a matching size. During the first stages of 
reduction, surface adsorbed gold ions get desorbed into the solution. This was confirmed 
by the formation of a darker solution as soon as the films were dipped in sodium 
borohydride. In sodium citrate, the solution remains colorless probably because citrate is 
a much weaker reducing agent than sodium borohydride.  
We used XRD spectroscopy to monitor structural changes that might have taken 
place during the reactions of either NaBH4 or sodium citrate and the gold ions distributed 
throughout the biopolymer matrix. As illustrated in Figure 6-1, broad bands appeared at 
2θ= ~10.0⁰, and ~20.0⁰. These bands are ascribable to the biopolymers. Interestingly, 
films that were treated in either of the reducing agents exhibited new sharp peaks at 2θ= 
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38.0⁰, 44.3⁰, 64.6⁰, 77.5⁰, and 81.4⁰. These bands can be attributed to the formation of 
AuNPs during reduction of Au ions. These results demonstrate the possibility of 
synthesizing AuNPs within the biopolymer matrices. This has the advantage of providing 
ease of handling during applications. In addition, biopolymers help to stabilize the 
nanoparticles.  
However, the peaks observed after treating the films with NaBH4 were much 
broader than those observed when sodium citrate was used. The broader the XRD band 
the smaller the nanoparticle. This, therefore suggests that AuNPs synthesized using 
NaBH4 are smaller than the ones synthesized using sodium citrate. To estimate the sizes 
of these nanoparticles, we used the well-known Scherrer equation (     cosKB  ) 
where B is the crystallite size in nm, K is the dimensionless shape factor, λ is the X-ray 
wavelength, β is the line broadening at half maximum height of the particular peak after 
subtracting instrument line broadening.12 We considered K to be equal to 0.94 by 
assuming that AuNPs formed in these experiments are spherical. It was determined that 
the size of AuNPs in 50:50 CEL:KER containing 160 mg Au is 33.7 nm when sodium 
citrate was used as compared to 8.4 nm when sodium borohydride was used.  For 50:50 
CS:KER containing 110 mg HAuCl4.3H2O, the size of nanoparticles synthesized by 
using sodium citrate (43.1 nm) was 10X larger than those synthesized using sodium 
borohydride (4.0 nm). These differences in the effects of these reducing agents can be 
rationalized by considering their relative reducing power. Sodium borohydride is much 
stronger reducing agent than sodium citrate. Gold ions are expected to be more mobile 
than their Au(0) counterparts. As a result, with a stronger reducing agent like sodium 
borohydride, these ions are reduced before they have a chance to move around and 
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adsorb onto AuNP nucleation sites. On the other hand, the weaker reducing agent like 
sodium citrate gives the ions ample time to adsorb onto the AuNP nucleation sites before 
they are reduced thereby forming bigger particles.  
 
Figure 6-1 X-ray powder diffraction (XRPD) of AuNP-based composite films 
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We used XPS to confirm the oxidation state of the Au in the AuNPs. The results are 
presented in Figure 6-2 below. As can be seen from this figure, XPS of the CEL:KER 
composite displays a doublet at 87.1 eV and 83.5 eV which corresponds to 4f5/2 and 4f7/2 
respectively. These results confirm that Au (III) was indeed reduced successfully to zero 
by the reducing agent. In addition, C1s and O1s bands at 284.8 eV and 532.0 eV 
respectively helped to further confirm the successful regeneration of the biopolymers 
CEL and KER. The absence of a peak in the XPS spectral trace in the Cl2p region 
confirmed that the ionic liquid was completely removed from the film. 
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Figure 6-2 XPS spectral traces of Au 4f, C 1s, O 1s and Cl 2p 
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6.4. Conclusions 
Results presented in this preliminary study are very encouraging because they 
show that it is indeed possible to synthesize AuNPs using biopolymers as capping agents. 
In addition, the approach followed here involves the use of green solvents thereby 
widening the potential applications of ionic liquids and AuNPs. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE DIRECTIONS 
7.1. Conclusions 
In summary, we have developed a simple, one-step method to synthesize novel 
composites containing polysaccharides and proteins. This was accomplished using ionic 
liquids, which are considered to be more ‘green’ than any other solvents that are currently 
being used to dissolve and fabricate biopolymer composites. The main attractive features 
of these ionic liquids include immeasurably low vapor pressure, higher thermal stability, 
tunable physical and chemical properties. Low vapor pressure and higher thermal 
stability enables these ionic liquids to be used at moderate temperatures like 90-130 ⁰C 
without concerns for toxic vapor emissions and thermal degradation. Tunable properties 
enable ionic liquids to be used in a wide variety of applications. In our case, 1-butyl-3-
methyl imidazolium chloride was the preferred ionic liquid because it could dissolve all 
the biopolymers we were using. The biopolymers used include cellulose, chitosan and 
keratin. These biopolymers offer so many advantages. They are relatively more abundant 
with cellulose being the most abundant biopolymer on Earth. There use would therefore 
guarantee an inexhaustible supply of inputs. Most of the materials in use today rely 
heavily on synthetic polymers. These are undesirable because they are derived from non-
renewable sources. Their continued use will pose a threat because they will become 
extinct. Therefore, by using biopolymers, we help to reduce pressure on these non-
renewable derived materials. 
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Another contribution by our study was that we extended the applications of these 
biopolymers to include purification of water. This was accomplished by doping these 
biopolymeric composites with selective macrocyclic compounds including crown ether 
and resorcinarene. By themselves, these macrocycles are difficult to handle in water 
purification. This is because after use, these macrocycles would have to be separated 
from the clean water. This would involve filtration. However, this separation technique 
has its own limitations, which preclude its wider adoption at commercial scale. 
Specifically, the membranes that are used for separation add an extra avoidable cost. In 
addition, membranes can become easily blocked by the macrocyclic particles. By 
encapsulating these macrocycles in biopolymeric composites such as CEL/CS, these 
selective adsorption properties can still be realized while at the same time deriving 
benefits such as easy handling. These biopolymers can form strong films, which when 
used in water purification, they can be removed without the need for filtration. Our 
experiments in this study have shown that such composites containing the 
polysaccharides and encapsulated macrocycles can selectively adsorb both organic and 
inorganic pollutants. Organic pollutants were mainly adsorbed by resorcinarene based 
composites. These organic pollutants represent one of the most deadly materials that are 
discharged ever day into the water ways. Using these composites would ensure that 
companies can be motivated to treat their water before discharging them into the water 
ways. Inorganic pollutants such as heavy metal ions have been implicated in some of the 
deadly accidents in the past notably Itai Itai disease caused by cadmium poisoning in 
Japan. Mining companies were discharging Cd-contaminated wastewater into the water 
ways, which eventually got into water that was being drunk by the communal people. By 
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developing these composites, we hope companies will be able to find a cheaper remedy 
to some of the avoidable accidents. 
We also used these biopolymers as platforms for mineralizing calcium phosphate, 
which is the main component of teeth. This was done to alleviate the limitations faced by 
using hydroxyapatite as an implant material by itself. Hydroxyapatite tends to migrate 
from the implant site necessitating revision surgery which is painful and oftentimes 
costly. We exploited the film forming property of the biopolymers to synthesize compact 
materials which can potentially stay on the implant site throughout the whole bone tissue 
healing process. In addition, these biopolymers are both biocompatible and 
biodegradable. Their use would ensure that as the bone heals, the implant gets resorbed 
into the biological system without any need for surgical removal of the implant. By 
varying the ratios of cellulose and chitosan, the properties of the resultant composites 
could also be changed. One of the properties that was thoroughly studied in this project 
was tensile strength. Adding more cellulose to chitosan enhanced tensile strength of the 
resultant composite. This is quite interesting because it means the tensile properties of the 
implant can be tuned to match the mechanical requirements of the damaged bone. Most 
importantly, chitosan possesses innate antibacterial properties against a wide range of 
both gram positive and gram negative bacteria. This implies that using both cellulose and 
chitosan in the same bone implant would serve two purposes. Whereas cellulose would 
impart superior mechanical properties, chitosan would impart antibacterial properties; 
two of the most needed properties to ensure smooth healing of the implant wound site. 
Hydroxyapatite is required for osteoconductivity because it is similar in structure to the 
structure of the inorganic part of the bone material. The method developed in this project 
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is very simple and fast. The methods currently being used tend to either take 
unnecessarily too long or they are just too costly. By using these cheaper and readily 
available biopolymers would make bone implants more affordable to the low income 
earners.  
We also evaluated these biopolymers for their suitability in controlling drug 
release. We used an antibiotic ciprofloxacin (CPX) as a model drug. In this project, we 
used keratin, in addition to the polysaccharides, cellulose and chitosan. It was found out 
that keratin considerably slowed down the release of CPX. Interestingly, adding either 
cellulose or chitosan helped to modulate the release of this drug. Although KER slows 
down the release of drug, by itself it is very brittle, which precludes its use at commercial 
scale. However, this could be ameliorated by adding either chitosan or cellulose to it. 
Again, these composites can be used in applications such as wound healing. The 
composites exhibited burst release during the initial stages, which is desirable in wound 
healing where large amounts of therapeautic drug should be delivered within a very short 
period of time. After this burst period, the composites were found to be able to prolong 
the release of the drug. Such composites are more attractive because, maintaining such 
levels of drug at the wound site would reduce chances of development of drug resistance. 
In addition, chitosan can also help in killing bacteria because it is naturally antibacterial. 
Finally, some preliminary results about the synthesis of gold nanoparticles in 
CEL/CS/KER matrix were presented. In this project, AuNPs were synthesized in situ 
using the biopolymers as platforms to prevent the common problem of aggregation of the 
nanoparticles. Although there are so many capping agents that have been used in many 
studies, most of them involve the use of toxic agents such as CTAB. In our case, we have 
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used biocompatible agents, which allay the safety concerns associated with the current 
agents. In addition, these agents are naturally abundant, which ensures that cheaper 
sources are relatively available. More importantly, the sizes of the composites could be 
tuned by changing the reducing power of the reducing agents. AuNPs present many 
opportunities in a wide variety of applications including antiviral applications. This is 
because Au can bind more strongly with such ligands as the S-based ligands, which are 
mostly found on the surfaces of viruses. These are the points of contact when the virus 
attaches and infects a host cell. If our AuNPs attach strongly to those surfaces, that would 
prevent the binding of the virus with the host cell thereby preventing infection. Another 
advantage of the method we developed in this project is that it ensures that homogeneous 
composites are formed. This has implications on precise and accurate determination of 
the doses. The current methods of based on ex situ formation of AuNP composites are 
generally suffer from non-homogeneity problems.  
7.2. Future Research 
Although we obtained encouraging results from the projects undertaken in this 
thesis, there is still more that can be done to bring these materials closer to 
commercialization. For example, ionic liquids were recycled by distillation. However, 
this process consumes a lot of energy. Therefore, its adoption may be met by skepticism 
from the commercial community. Other methods need to be pursued such as phase 
separations. Such a method can be carried out at room temperature without any worries 
about the energy bill.  
The projects on adsorption of heavy metal ions and organic pollutants can be 
extended to include more pollutants. In addition, we have to carry out competitive 
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adsorption experiments to ensure that the macrocycles are not going to be affected by 
some of the innocuous metal ions such as sodium and potassium ions. The results 
obtained in this study can help to extend the applications of these composites to include 
quantitative analysis of metal ions such as cadmium and zinc. This would have strong 
implications in designing potable sensors, which can be used on-site to do quantitative 
analysis. More studies have to be carried out to optimize these adsorbents. This could be 
done by studying the effects of some other factors such as temperature. Another 
experiment that can be tried is that of making composites containing both resorcinarene 
and crown ether. Such a composite is expected to adsorb both organic and inorganic 
pollutants due to the presence of resorcinarene and crown ether respectively. 
Still a lot has to be done on the AuNP project. This includes making more 
samples with varying proportions of AuNPs, and the biopolymers. In addition, the 
reduction process itself can be optimized by studying such factors as time to reach 
completion of the reduction reaction. Currently, the samples are being reduced for 48 h. 
The samples can be reduced at different time intervals and then monitor the extent of 
reduction. To accomplish this though, we have to develop a precise method to quantify 
Au species that are in the film. XPS can offer a viable solution to this problem.  
